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The Lunar Diurnal Variation of Atmospheric Temperature at 
Batavia, 1860 - 1928 . 

By S. Chapman, F.R.S. 

(Received February 27, 1932 ) 

Introduction. 

The existence of a lunar tide in the earth’s atmosphere is now a well-estab¬ 
lished fact. 1 " It is indicated by a lunar semidiurnal variation of barometric 
pressure, found at every station for which the necessary reductions have been 
made. Now % variation of pressure m a gas is m general accompanied by a 
variation of temperature. The amount of this variation depends on the rate 
at which heat can flow in tho gas, from a region of compression to one of 
'rarefaction, or from the earth or ocean to or from the gas. The maximum 
variation of temperature corresponds to adiabatic changes of pressure, while 
if the heat flow can be very rapid, the temperature variation may be reduced 
‘Iffpost to zero, corresponding to isothermal changes of pressure. 

I have shownf that the lunar tidal changes of pressure will be almost adiabatic 
so far as concerns heat flow in the gas, between regions of compression and of 
rarefaction. The long time available for equalisation of temperature, viz., 
a quarter of a lunar day, or about 6 hours, is in fact ineffective because of the 
long wave-length of the tide, the distance between the regions of highest or 

* Sabine, ‘ PhiL Trans.,’ vol. *137, p. 45 (1847); S. Chapman with E. Falshaw, M. 
Hardman, 1 Quart. J. R. Met. Soo.,' vol. 44, p. 271 (1918); vol. 45, p. 113 (1919); vol. 48, 
p. 240 (1922); vol. 50, p. 99 (1924); vol. 57, p. 103 (1031), also * Mem. R. Met. Soo.,’ 
vol. 2, p. 163 (1928) and other papers not yet published; J. Bartels, ‘ VerOff. preuss. met. 
Inst,’ vol. 5, No. 9 (1927). 

t ‘ Quart. J. R. Met. Soo.,’ vol. 50, p. 165 (1924). 
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lowest pressure in any latitude being a quarter oi the circumference of the 
circle of latitude. The temperature variation might be reduced below the 
adiabatic value if vertical flow of heat, between the air and the ground or ocean, 
is sufficiently rapid. This point will be discussed in another paper ;* the 
conclusion reached is that the vertical flow of heat is unlikely to be important 
over the Zand. Hence a temperature variation approaching the adiabatic 
value is likely to be associated with the lunar atmospheric tide at a land station. 

The amplitude of the tide predicted by theory depends greatly on whether the 
pressure changes are adiabatic, isothermal, or intermediate between these. 
Consequently it seemed to me desirable to put the matter to the direct test of 
observation, by determining the lunar diurnal variation of atmospheric 
temperature for some station at which a long series of hourly values of the air 
temperature are available. 

The accomplishment of this task promised to be greatly facilitated by the 
kindness of the British Automatic Tabulating Machine Company. Early in 
1930 the Company agreed that in the autumn of that year they would place a 
set of Hollerith punching, sorting and tabulating machines at the disposal of 
the Department of Mathematics and Mechanics m the Imperial College of 
Science and Technology, for use in teaching and research. Such machines 
are of particular value m dealing with the great masses of data that must be 
employed when the aim, as in the present case, is to determine a very small 
periodic variation of a quantity that is subject to much larger periodic and 
accidental changes. 

Other things being equal, the station most likely to yield a satisfactory 
determination of the lunar diurnal variation of temperature is Batavia, in 
Java, 

Latitude 6*2° S , Longitude 106*8° E., 

where the tidal change of pressure has the greatest known amplitude. At this 
station ihe annual mean lunar semidiurnal change of pressure is given by 

Sp = 0-064 sin (2 1 + 66°), in millimetres of mercury, (1) 

where C denotes lunar time reckoned from local transit, at the rate of 360° per 
lunar day. This is the determination from the 40 years 1866-1905 made at 
the observatory. An independent determination made by myself, from the 
years 1866-1895, is 

8p = 0*062 sin (2 1 + 68°), (2) 

in close agreement with the former. No lunar diurnal component of other 

* 1 Mem. R. Met. Soc.’ (in course of publication). 
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frequency can be detected, and this is in accordance with expectation from 
tidal theory. 

The corresponding maximum (adiabatic) lunar diurnal variation of tempera¬ 
ture at Batavia is given by the formula 



where 8 p and 8T denote corresponding variations of the mean pressure p 
(759 mm.) and the (absolute) mean temperature T (299° C.), and y denotes the 
ratio of the specific heats of air : y — 1 -40 approximately. Hence the 
(adiabatic) lunar daily temperature variation is 

ST = 0-0072 sin (2i + 05°), in degrees Centigrade, (4) 

being purely semidiurnal, and m phase with the pressure variation. 

The solar diurnal variations of pressure (in millimetres) and temperature 
(in degrees Centigrade) at Batavia are given by the harmonic formulce* 

0-63 sin (6 -f 25°) + 1-00 sin (20 + 160°) 

+ 0-04 sin (30 + 22°) f 0-01 sm (40 + 97°) (5) 

2-84 sin (0 + 232°) + 0-85 sm (20 + 70°) 

+ 0-23 sm (30 + 331°) + 0 * 16 sin (40 -f 120°). (6) 

The ratio of the amplitude of 8T, given by (4), to that of the solar semi¬ 
diurnal term in (6). is 

0-0085 or 1/118, (7) 

whereas the corresponding ratio for the pressure - from (1) and (5) —is 

0-064 or 1/16. (8) 

Since m both cases the solar semidiurnal variation is much larger than the 
lunar one, but of nearly equal period, its elimination constitutes one of the 
main difficulties in determining the lunar variation. It is clear from (7) and 
(8) that the difficulty in the case of ST is distinctly greater than for 8 p, i.e., 
about eight times so far as this elimination is concerned. Nevertheless it 
seemed likely, on consideration, that if the tidal pressure-changes occur 
adiabatically, the temperature variation 8T, then given by (4), should fce 
determinable from the long series of hourly values of temperature available at 

* These are derived irora the 60-year mean diurnal inequalities given m Batavia 
Observations, vol. 48, pp. 76, 80. 
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Batavia. Flans were therefore prepared for the execution of this work, by 
methods appropriate to the Hollerith computing machines. 

At this stage I discovered that my friend Professor J. Bartels, of the Forst- 
liche Hochschule, Eberswalde, was already engaged on a similar reduction of 
part of the Batavia material, using different methods. After discussion we 
agreed that it was well that I should proceed independently with my plans, 
particularly since they were of larger scope, thanks to the availability of the 
Hollerith installation. In such investigations of small periodic phenomena, 
independent determinations by different methods are of decided value. 

2 Description of the Data . 

The hourly values of temperature tabulated in the volumes of Batavia 
Observations are eye-readings derived from the Batavia standard thermometer, 
Kew No 323, Fahrenheit scale. They refer to an epoch 2 minutes before the 
exact hour of local mean time. The readings are given to 0*1° in Fahrenheit 
degrees from 1866-1908 inclusive, and in Centigrade degrees in and from 1909. 
No Sunday observations an* available for the first 10 years, 1866-1875 ; these 
were the only missing values throughout the whole series. The observations 
are tabulated m rows, for each day, containing the values from 1 h. (1 a.m.) 
to 24 h. (midnight), and the printed daily means are the means of these 24 
hourly values 

The printed volumes are published for the period 1866-1926; the hourly 
data for the period 1927-1930 inclusive were very kindly supplied to me, on 
request, m manuscript form, by Dr. J. Boerema, Director of the Batavia 
Observatory. Part of these unpublished data, up to the end of 1928, were used 
in the mam part of the present investigation, while the remainder are entered 
on Hollerith cards for the purpose of a future extension of the work at a later 
date. 

3. The Data Entered upon the HoUenth Cards * 

On the Hollerith cards numbers are recorded by punching holes m any desired 
column. As each hole is punched, the carnage holding the card is carried 
forward as in a typewriter. In each column there are 12 possible positions for 
the hole, the lower 10 being numbered 0 to 9, while the two upper ones are 

* 1 should like to make acknowledgment here of the great help whioh I received from 
Dr. Comrie when I was originally planning this work. Without his expert help many 
valuable points would have been overlooked, resulting in loss of time in executing the 
work, and in checking it and tracking the errors revealed by the checks applied. 
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called X and Y. In general only one hole is punched in one column, but some- 
timed it is convenient to double-punch a column, as in entering the day of the 
month (see below). 

Here and in later sections of the paper only those details concerning the 
Hollerith cards, equipment and methods will bo noted that are of special 
application to the present work, and particularly those which relate to the 
possible errors that must bo guarded against.* 

Since the lunar day extends over nearly 25 solar hours, 26 hourly values of 
T were tabulated for each day. As they wore expressed by numbers each of 
three digits (to 0-1°) this involved 75 digits. Hollerith machines and cards 
of 80 columns are now made, but as the installation available to me was of the 
46 column type, these 75 digits required the use of two cards for each day. 
On each card the last 39 columns were devoted to 13 hourly 3-digit values, 
1 h. to 13 h. on one set of (plain) cards, and 13 h. to 25 h. (i.e , 1 h. of the next 
day) on a second set of (blue-edged) cards; it was considered desirable to 
duplicate one hourly value (for 13 h ) on the two cards for each day, for checking 
and other purposes. 

The remaining (first) six columns on each card were used as follows:— 

(1) The number of the year in its decade or group. 

(2) The number of the month in the year 1 to 12, using the two upper rows 
on the cards as well as the lower 10 (10, 11, 12, in rows 0, X, Y). 

(3) The day of the month ; the rows usually numbered X, Y, 0, 1, ..,9 

were in this third column numbered 30, 20, 10, 1, ... 9, and for days 
alter the tenth m the month (other than the 20th and 30th) the card was 
double-punched, in one of the three upper, and one of the nine lower 
rows. 

(4, 5) The civil time of upper lunar transit at Greenwich , on the given 
date, or rather in the period from 1 h. of that date to 1 h. of the next 
day; they were taken to the nearest whole hour, from the Nautical 
Almanac. These numbers ranged from 1 to 26. They were entered 
in two columns on the cards. 

(6) A number 1, 2, 3 or 4, for classification of the days according to the 
moon's distance from the earth The day of apogee, and the three days 
before and after, were included in group 1, and in group 3 those similarly 
related to perigee ; group 2 included the days after group 1 and before 

* For detailed general information reference may be made to the literature obtainable 
from the British Automatic Tabulating Machine Company. 
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group 3, when the moon was nearing the earth; group 4 similarly 
included those between perigee and apogee, when the moon was receding 
from the earth. In the later sections of this paper, the groups 1, 2, 3, 
4 will be referred to as groups A, N, P, R (apogee, nearing, perigee, 
receding). 

The entries in columns 1 to 6 were, of course, made on both cards for each 
day. In addition, on each card one or more holes were punched in rows X, Y 
as an index to the decade m which each day occurred. The index numbers 
woro as follows :— 


1 

Ductule 

Column. 

| Row. 

1 _ _i 

1 Decade. 

i _ J 

Column 

Row. 

I81XMM1 ! 

7 

X ! 

i 1900-00 

7,8 

XY 

1870-70 

7 

Y 

1910-19 

7,8 

YY 

1880-89 1 

f 7, 8 

XX 

i 1920-29 

7, 8,9 

XXX 

1890-90 

7,8 

j YX 

j 1930-39 

'1 

7.8.U 

YXX 


On the Saturday cards for these earlier years, where no observation for I a.m. 
on Sunday was available, the value used in its stead was the midnight value 
for Saturday, plus the difference between the 1 a.m. value on Saturday and 
the 12 p.m value on Friday. 

The last hourly value on the last card for the year 1908 was the value, con¬ 
verted into Fahrenheit, for 1 a.m. January 1, 1909, which as printed was in 
Centigrade degrees. 

4. Verification of the Entries on the Cards. 

After the cards had been punched by one operator, the entries for the index 
number, year and month were checked by “ needling ” ( i.e passing a needle 
through the pack of cards for each decade, year or month), and the rest of the 
entries were verified by a second operator using a verifying punch. Even this, 
however, did not preclude the possibility of errors, particularly errors of double 
punching, which had to be found by other methods, to be described elsewhere. 

In the subsequent work it was necessary to form sums of the hourly data for 
various groups of days, chosen according to the values of the data entered in 
columns 1 to 6. For any such group G, the hourly sums were usually 5 or 6 
figure numbers. The available adding machine was one possessing three 
banks of nine adding wheels, and two of six adding wheels (together with other 
wheels for adding shillings and pence, which were of no use for the present 
purpose); hence 5 hourly “ fields " of three columns each could be added up 
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at the same time, and each set of cards, containing 13 hourly fields was put 
through the machine three times; the 25 hourly fields for each day, 
on the plain and blue-edged cards, thus required to be passed through the 
tabulator six times in each process of summation. This yielded 30 sets of 
sums, five being m duplicate ; the latter were of value m checking the working 
of the machine. 

Each single month (m) yielded a sot of 25 hourly sums one for each hour s. 
The cards were again passed through the machine, to form a set of hourly 
sums Y f for each year Y. These values were divided by the number of days 
(rt*) m the year, giving annual mean hourly values , which were compared with 
the printed annual mean hourly values given (to 0-01°) m the Batavia volumes 
for each year. The occasional discrepancies found were further investigated, 
by forming the monthly mean hourly values, from the sums for the hours in 
question, and comparing these means with the printed means for each month. 
The errors were thus tracked down, sometimes to double-punching on the 
cards, sometimes to a temporary fault in the adding mechanism, and some¬ 
times to errors in the printed means. 

5. The Classification and Summing of the Cards. 

The cards were throughout kept in six separate decade (D) groups, each of 
10 years, except the first, which contained 13 years. The groups were therefore 
as follows:— 


1866-78 

13 years 

= 4-227 days 

79-88 

10 „ 

--- 3633 „ 

89-98 

10 „ 

-= 3652 „ 

99-08 

10 „ 

- 3652 „ 

1909-18 .. . 

10 „ 

- 3652 „ 

19-28 

10 „ 

= 3653 „ 

Total . 

63 „ 

= 22489 


This choice was made so that the change from Fahrenheit to Centigrade values 
for the hourly readings, at the end of 1908, should coincide with the break 
between decades. The first group thus had to include 13 years, but owing 
to the absence of Sunday data during the first 10 years the number of days in 
“ decade ” 1 was equivalent only to about 11J complete years. 
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The following operations were then performed on each decade (D) set of 
cards:— 

(а) The cards were sorted “ on ” columns 4, 5, so as to group together all 
the cards relating to days of the same transit-time t. These 26 D* 
groups of cards were then summed, controlling on column t % giving 26 
sets each of 26 sums, for the 26 solar hours 8 . 

(б) The cards were then re-sorted “ on ” column 2, for the month, and the 

12 DM sets of cards thus obtained were combined into three seasonal 
sets (D8), called DJ, DE or DD, for groups of months as follow :— 

J = May, June, July, August. 

E*= March, April, September, Octobei. 

D = November, December, January, February. 

The pack of DS sets, m order, was then sorted according to the lunar 
distance d, giving 12 DSd sets for the decades, and these again were 
sorted according to the transit time t, giving $00 DS dl sets of cards, 
containing about 12 cards each. Hourly sums DStft, were formed for 
each group, controlling on column t. 

(c) Another summation was made without taking account of the sub¬ 
division into t groups, by controlling on column d f thus giving 12 sets 
of DSrf, hourly sums. By ordinary addition these were combined to 
give three seasonal sets of DS, homly sums, and one set D f for the whole 
decade. 

It was desired to obtain mean hourly sums according to solaT and lunar 
time for the following groups of the data : (a) for each D group, (6) for each 
DS group (three for each D). It was desired also to have sums according to 
lunar time (only) for each Dd group (four for each D). Thus solar sums were 
required for 6 (D) X (1 + 3) or 24 groups, and lunar sums for 6 x (1 + 3 + 4) 
= 48 groups. 

The solar senes D, and DS, were obtained by operation (c). To obtain the 
lunar sums, however, a more elaborate process was necessary, because the 
tabulating machine can add numbers from different cards only if these are 
in the same columns, whereas in different ( groups of cards the lunar hours 
occur at different solar times, and therefore in different columns. 

6. The Formation of the Lunar Sums . 

On the cards on which the lunar transit time t is 1, the hourly entries for 
solar time 8 refer to lunar hour 8 — 1; likewise on the group of cards for 
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transit time <, the solar hour 8 corresponds to the lunar hour l = s — t. It is 
desired to combine the sums Gf, from the 25 sets (Gt) of cards in any group G* 
of data (ordered according to the value of 4) so that the sums corresponding 
to the same lunar hours shall be brought together. Thus from each set t we 
wish to take the solar hourly sum 8 = t 4 - J, where l in turn will bo given the 
values 0 to 24. The equation s — t 4- 1 is here to be regarded as a congruence 
with modulus 25, the lunar sums (G t ) being supposed periodic in 25 hours. 

This method of summation corresponds to forward-sloping summation effected 
upon a cylinder on which, in 25 columns (s - 1 to s - 25), surrounding the 
cylinder and lying along the generators, the G4, sums are entered in 25 rows. 

The actual method employed was a slight modification of one suggested to 
me by Dr. Comrie, 

As a prebminary, 25 strips of paper were prepared (actually by printing on 
the Hollerith tabulator) so that the entries should have the same vertical 
spacing as the series of G4, sums formed from the mrds These strips were 
headed s = 1, or s = 2, and so on, up to 25. Below were printed 25 numbers 
If as follows :— 

2 . . . . . . 25 

If = 1 2 25 

25 1 24 

24 25 23 


Thus 


2 3 

If ^ 1 — t (mod 25), 


( 9 ) 


for t = 1 , 2, . ., 25 in order, so that the lunar hour l in the scries G t t corresponds 
to the solar hours given by 

s^lf- 1 . ( 10 ) 


Strip 8 is then pinned alongside the $th column of the 25 scries of sums G/ $ 
for t =s 1 to t =s 25, and the 25 columns of sums are pinned together to form a 
single column of 625 rows, with the 625 If numbers against the 625 sums Gf,. 
These sums were in general 5-figure numbers (6-figure in the case when G = D). 
Actually the 625 sums G t 9 for eight groups G were placed alongside one another. 


* Here G ia used to represent any group, whether D ( DS, DSd, or otherwise. 
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in eight long columns, with the strips s to the left of all. An index number was 
assigned to the set of oight groups G.* 

A set of 625 Hollerith cards was then punched with the index number in 
column 1, the number s in columns 2, 3, the number l* in columns 4, 5, and the 
eight 5-figure numbers Gf, in the remaining 40 columns. Thus each of the 
625 cards contains the data on one row of the long 625-row column formed as 
just described. 

In this manner the sums Gt 8 for the 12 DS dt sets and 1 D t set, for each of the 
six decade groups, were entered on (several) sots of 625 cards; these sets 
may be called l* sets 

After punching, these cards were placed m the tabulator, controlling on the 
numbers 8 (control on column 3 being sufficient); the numbers s and l* were 
listed, and the columns l* and the numbers Gt 9 were added. The sums 2Z f * 
for each s-group should equal 325, and this provided one check on the punching 
of columns 4 and 5. The sums for the later sets of five columns represented 
G f , and were checked against the G, sums (where G = D or G = DSd) already 
formed (§ 6, c). Ajiy discrepancies indicate errors m the punching of the G t 9 
values, and the 25 sums G< f (f = 1 to 25) for any hourly column s involving an 
error were then examined. The number l t $ corresponding to the wrongly 
punched card was noted so that the corresponding correction could afterwards 
be applied to that 1 total. 

Each l* pack was then sorted according to the number l t \ and tabulated, 
controlling on column 5, thus producing lunar hourly totals G { . The 12 sets 
of DS d t sums were next combined into four D d t sets and 3 DS t sets. The 
accuracy of the additions and tabulations was checked by the final agreement 
of EDSj, and (for l = 1, 2, ...» 25). 

d 


7. The Harmonic Analysis . 

The various sequences G #l G h each consisting of 25 solar or lunar hourly 
sums, were then harmonically analysed, to determine the second harmonic 
{only). The corresponding sequences of numbers of cards (n a< ) for each value 
of t m each G set, as printed during the formation of tbo G, totals (or as found 
by combination of the values, into n^ 9i and n Ddt ) were also analysed 
in like manner ; this was for the purpose of eliminating the effect of residual 
solar diurnal variation from the second harmonic of the G t sequences, according 


* For example, one set of eight groups was DJI, DJ2, DJ3, DJ4, DEI, .... DE4. 
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to the method given (in principle, though not in detail for the present mode of 


tabulation) in a recent paper.* 
Thus, let 

Oqi - ^ S G u cos {2 (f — 1) tc/26), 

2ft 

a Qt — S Q tt cos {2 (t — 1)7t/25}, 

2ft 

a Qn — E n 0i cos {2 (t — 1) tt/ 25}, 
and 

N 0 - 


6 0 i = 5 Q u sin (2 (i - 1)tu/25}, (11) 

U1 

25 

b Qg = E sin {2 (/ — 1) 7 t/25>, (12) 

<-i 

ba n = 2 n af sin {2 (i — 1) tv/2B), (13) 

/ -i 

E n at . (14) 


Then the determination of the lunar semidiurnal variation of temperature 
afforded by group G, corrected for residual solar diurnal variation, and 
expressed in the form 

8T -= L sin (2t |- X') 

= L' a sm 2t \ L\ cos 2 t, 

(where t denotes lunar time measured in angle at the rate 2n per lunar day) 
is given, apart from certain small phase corrections, by 



2 

L'a t^ G * ~~ ^ G » a ° n + a °» ^ad* U®) 

25N a 

2 

L'* ^ OKXr' ~~ ^ q 9 ~ a Oi a Gnl (^) 

25No 

The true phase X is equal to X' plus certain corrections, of which the main is 
to allow for the use of Greenwich instead of Batavian transit times t. This 
correction is —2L°/29, where L denotes the (oasterly) longitude of Batavia ; 
since L° = 106*8°, the correction is —7*4°. In addition, the fact that the 
hourly readings of temperature were made 2 minutes before the exact local 
hour necessitates a further correction +1*0°. 

The amplitudes L, L' 0 , L' q , were converted into Centigrade degrees where 
necessary. 


8. The Main Results. 

The central result of this work is the annual mean value of the lunar semi- 
* Chapman, * Z, Geophysik,’ vol. 6, p. 396 {1930X 
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diurnal variation of temperature at Batavia, determined from the whole 63 
years or 22,489 days. This is 

0-0086 sm(2< + 67°) °C., (18) 

which agrees well in phase, and moderately well in amplitude, with (4), derived 
from the observed tidal change of pressure, on the adiabatic assumption. 
The “ observed ” value of 8T is, in fact, oven greater than the value calculated 
from 8 p ; the discrepancy is, as will be seen later, in § 9, within the limits of 
the probable error of the present determination of ST, 

The determinations of the annual mean value of ST from the separate 
decade-groups of years are as follows. The significance of the columns 
headed AL will be explained in § 9. 


Table III. 



Decode 

(xft)Up 

Number 
of days 

Amplitude L, 
unit 10" 4 ° C. 

Phase. 

JL 

a 

1866-1878 

1 

4227 

1 

1 

110 

o 

97 

62 

b 

1879-1888 

3053 

164 

32 

103 

c 

1889-1898 

3652 

59 

33 

55 

d 

1809-1908 

3652 

88 

98 

49 

€ 

1909 1918 

3662 

64 

77 

25 

f 

1919-1928 

3653 

88 

68 

3 

M 

All | 

1 

| 22489 

i 

86 

67 

49 


Here the phase angles have an extreme range of 66°, and the amplitudes of 
105 -10" 4 0 C. These results show that the probable error of a 10-year deter¬ 
mination of ST is a considerable fraction of ST itself, and suggest, as will later 
be proved, that the 63-year mean is liable to error sufficiently to permit the 
difference between (18) and (4) to be regarded as merely accidental. 

Tbs being the case, the seasonal mean results, and the mean results for 
the lunar-distance groups of data (A, N, P, R, c/. § 3 (6)), being derived from 
still smaller amounts of material, may be expected to be scattered rather 
widely about the mean results. Tho determinations are as follows, the ampli¬ 
tudes being expressed in terms of 10” 4 0 C. as unit. 

In deriving the results of Table V tho solar diurnal variation, which was 
eliminated in the final stages of the analysis (c/. § 7), was separately removed 
from each seasonal section of the distance groups, before forming the final 
result for the group ; that is, the seasonal change in the solar diurnal variation 
was allowed for in the elimination. 



Lunar Diurnal Variation of Atmospheric Temperature. 13 

Table IV.—Seasonal Mean Results for 8T; Unit 10 -4 0 C. 


J - May~Augunt | j 1* =- November-February. 

Docwip I _ _j _ _ 



group 


i 









No of 
days 

L / 

JL 

No of 
days 

L ( 

41 

_ 

No of 
day* 

l l 

4L 

a 

1866-1898 

1423 

, 1 

lie loi 

70 

' i 

i 

1392 

0 

148 IO0 

67 

1412 

104 75 

41 

b 

1879-1888 

t 1230 

225 -10 

150 

1220 

172 29 

148 

1203 

93 19 

52 

c 

1889-1808 

1230 

SO 42 

34 ! 

1220 

184 HH 

112 

1202 

i 227 334 

220 

d 

1899-1908 

1230 

108 ISO 

1 150 : 

1220 

58 34 

75 

1202 

192 87 

130 

e 

1909-1918 

1230 

05 22 

51 

1220 

184 94 

i «2 

1202 

23 259 

| 106 

/ 

1919-1928 

1230 

1_ 

138 32 

76 ! 

1220 

39 236 

| 130 

1203 

207 89 

148 

M 1 

| Moan 

7573 

84 00 

89 

7492 

97 88 

102 

7424 

j 87 52 

116 


The significance of these results will be discussed after the probable errors 
of the determination have been considered. 


9. The Probable Errors. 

The results given m § 8 may with advantage be represented graphically, by 
vectors drawn from some origin, of length L (on some assigned scale), and 
making the angle 1° with a chosen initial line. If a suitable time-scale be 
marked round the circumference of the figure, the time at which the harmonic 
term L sin (2 i + 1°) attains its maximum value is also indicated by the diagram, 
and for this reason I have called such a diagram an harmonic dial; a different 
time-scale is needed for each harmonic term, according to its frequency. For 
semidiurnal terms the angular time-scale is the same as in an ordinary clock- 
face, which is traversed twice daily. 

It is not necessary to draw the vectors themselves, which are sufficiently 
indicated by their end-pomts. 

Fig. 1 shows the results of Table III. The vector points for the six decade- 
groups a-f are widely scattered round the mean point M. The scale is indicated 
by the arrow along the direction of the initial line; the arrow is of length 
representing 0*01° C. The distances of the group-points from M will be 
denoted by AL, and are given in the last column of Table III in the same units 
as for L itself; the mean AL, 49, is over half the mean value of L itself. The 
values of AL afford a rough determination of the probable error of the deter¬ 
mination of ST from the decades a to /, and from the whole period. If we 
ignore the fact that group (o) has I • 16 times as many days as groups b to/, 
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and treat all as of equal weight, the probable error of ST determined from any 
one group is 0*94 times the mean value of AL, i.e., 0-0047° C.; the probable 
error of the mean determination M is 0 ■ 0047/\/6 or 0 • 0019° C. These probable 
errors are, however, rather Tough, being found from only six independent 
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determinations. We shall see that the probable error is likely to be rather 
larger than the above. 

The results contained in Tables IV and V are likewise illustrated m figs. 
2-4, and 5, on the same scale as in fig. 1. The scatter of the points is notably 
greater than in fig. 1, as is natural in view of the greater subdivision of the 
material. The values of AL measured from the mean of each set are given in 
Tables IV and V. The corresponding probable errors for each of the decade- 
season or decade-distance determinations of ST are given, m terms of 10" 4 ° C. 
as unit, in the first line of the following tabic * — 

ED N P R 

Probable error for group 84 96 109 127 98 100 92 

Decade probable error 48 55 63 63 49 50 46 
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The second line gives the group probable error divided by or by 2, and 
represents the probable error inferred from these group determinations for 
respectively 3 and 4 times the amount of material, equal to the number of days 
in a whole decade. The results are fairly accordant with, though on the whole 
larger than, the determination mado from fig. 1, i.e., 47 units. 

There is no reason to anticipate any real difference of probable error between 
the [our A, N, P, R sets of determinations of ST, but the differences between 
the probable errors for the three seasonal sets of determinations of ST may be 
real. 

In order to investigate the probable errors more closely, the 25 sequences 
Dt> $ (for t = 1, 2,. , 25) of hourly sums, for the decade 1909-18, were separately 
analysed for the semidiurnal component The semidiurnal component thus 
obtained is mainly the solar semidiurnal component, though the analysis was 
made as if the period was 25 hours. The results give S* and <y t in the formula 
Sjftin (20 + a,), where 0 denotes time reckoned from 1 a.m. at the rate 2it 
per 25 hours. The values of S t and for each value of t are represented by 
the 25 points (P,) m fig. 0 ; the origin is far outside the figure, in the direction 
indicated by the downward arrow drawn from the mean (M) of the 25 points ; 
the scale of the figure is two-fifths of that of figs. 1-5. The radii from M to the 
25 points illustrate the “ scatter ” or variability of the solar semidiurnal 
variation, even when determined from as many as 145 days , but since these 
groups of days I) t are classified according to the lunar transit time, the scatter 
should not be wholly at random, but should be partly determined by the 
lunar semidiurnal variation. 

The radii from M to the various points give, in fact, the semidiurnal com¬ 
ponent of the sums D t 9 after the mean solar semidiurnal variation has been 
removed from them. But in combining the Dtf, results according to lunar 
time, the phases of the vectors MP, are altered; the alteration is equivalent 
to turning the Tadius MP t forward through the angle in {t — l)/25. If the 
scatter in fig. 6 were solely due to tho lunar influence, the radii MF e , when thus 
rotated, should coincide with one another. Fig. 7 shows their actual distri¬ 
bution , they arc nearly at random, as in fig. 6, showing that the scatter there 
was mainly due to accidental error. But the centroid of the points P'* is no 
longer at M, but at an adjacent point P, and the vector MP (after making 
certain small phase-corrections referred to in § 7) represents the part of the 
scatter that is not random, but due to lunar influence. Fig. 7 well shows how 
much the occidental variation in the semidiurnal temperature variation 
exceeds the component due to the lunar influence, and illustrates the difficulty 
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of averaging out these much larger accidental variations of T to obtain the 
very small lunar variation. 

The true accidental part of the semidiurnal component of the variation of 
T is not the vector MP* of fig. 6, which includes the lunar variation, but the 
vector PP' t of fig. 7. The mean magnitude of PP' t in fig. 7 is 416.10~* ° C.; 



Fras. 5-9. 


treating the points P'$ as being determined from equal numbers of days (which 
is sufficiently near the truth for our present purpose), the probable error of a 
single point P'* in fig. 7 is 390 units, and of the mean point P is 390/^25 or 
78 units. This is distinctly larger than the estimates of the probable error of 
the mean 8T for a decade, already derived from figs. 1-6, which range from 46 
to 60 units. 

Similar scatter-diagtams were constructed by analyses of the separate 
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transit-time sequence Gt, for the various sub-groups Q (i.e., J, B, D and 
A, N, P, R) of the decade 1909-18. The corresponding mean values of AL 
were found to be, in order, 460, 690, 750, 800, 820, 670, and 790 units. The 
corresponding determinations of the probable errors for each group as a whole, 
and for an extended group equal in length to a decade, are as follows:— 

D N 

Probable error for group 86 330 141 150 154 126 149 

Deoade probable orroi 50 75 81 75 77 63 74 

The mean of the last four is 73 units, and this value will be adopted as the 
best estimate of the probable error of ST derived from 3660 days (1 decade) 
drawn nearly equally from all seasons. Likewise the estimates 60, 76 and 81 
will be adopted for the seasonal groups J, E, D. 

The probable errors of ST for the whole period, and for the whole of the 
separate seasons J, E, 1), and the distance groups A, N, P, R, will therefore be 
73/V6, (50, 75, 81) X VW 6 > and 73 (VW«). 

Whole ! J K J) 

I 

i 

30 i 35 53 57 

The corresponding probable error of the determination of ST from a single 
day is 73V(3650). 1CT 4 or 0-44° C. 

In figs. 8, 9 the determinations of ST for the whole, and for these sub-groups 
of the material, are indicated by points, round each of which is drawn a circle 
of which the radius represents the estimated probable error on the same scale. 
The calculated value of ST given by (4), on the assumption of adiabatic lunar 
tidal changes of pressure, is also shown, in fig. 9, by the vector-point C. 

It will be seen that G lies within the error-circle round M, indicating that the 
difference between the points M and C is within the limits of probable error of 
the determination. 

Inspection of figs. 8, 9 suggests that no reliable determination of the 
change in ST with the changing lunar distance, or even with the changing 
season, has been achieved; but the goal is more nearly approached in the 
latter than in the former case. The mean value of ST for the whole period, 
however, is fairly well determined, and implies that the lunar tidal changes of 


A, N, P, R 


60 
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pressure at Batavia take place nearly adiabatically; the present work does not 
make it possible to exclude a deviation of (say) 20 per cent, from the adiabatic 
value. 


10. Possible Improvements tn the Method of Calculation. 

Two additional calculations were made in order to throw light on possible 
improvements in future investigations of the present kind The object m 
one case (a) was to ascertain how the results would be affected if the last figure 
of the printed hourly data, giving the temperature to 0 * 1°, liad been omitted; 
m the other case (b) the object was to determine the effect of using only alternate 
hourly values, instead of every hourly value. In case (a) the labour of punch* 
ing and verifying the cards would have been reduced by one-third * and m case 
(b) by nearly one-half. The combined reduction would be by two-thirds. 
Much of the later work would also have been considerably reduced, though not 
to the same extent. 

The decade 1909-18 was chosen as the material for the discussion of case 
(a). Values of ST, corrected for the solar diurnal variation, were obtained for 
the whole decade and for the gioups J, E, D and A, N, P, R, ignoring the 
decimals of a degree in all the hourly readings. The elimination of the 
solar diurnal variation was made as before, but this was practically 
unaffected by the omission of the decimals of degrees The results for ST 
are shown in fig. 11, by the points M', J', ..., and the differences between 
them and the corresponding results for this decade, using the decimals of 
degrees, are shown by the lines joining M', J', . , and M, J, ..., respectively. 
The differences appear to be accidental, if this be so, the corresponding 

addition to the probable error can easily be estimated. In units 10 " 4 °C. 

the magnitudes of the differences are as follows .— 

J — J' E — E' D-D' A — A' N - N' P - P' R — R' M - M' 

58 60 74 24 70 24 45 14 

The mean of the differences for the seven sub-groups is 49, treating them all 
as of equal weight, which is roughly true. The corresponding probable error 
for the decade is 0-94 X 49 ^ or 27. This is larger than M — M', but 
agreement was, of course, not to be expected. The accidental error due to the 
omission of decimals of degrees, added to the errors otherwise involved, raises 
the decade probable error from 73 (as previously estimated) to \/(7!P + 27*) 
or 78. These estimates are naturally rough, but it would seem that the gain 
of accuracy involved in taking account of the decimals of degrees is hardly 
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worth the labour involved in their inclusion. This, however, is mainly because 
the other sources of error are so potent in the present work; in similar investi¬ 
gations where the remaining accidental errors were distinctly smaller, the 
omission of the decimals might not be advisable. 

rig.10. 

* 

V 

0 ° QIC 
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Case (6) was considered by using the Di sequences of suras (§ 6) for each of the 
first five decades. Let a v a 2 , . , denote the members of any such sequence 
If alternate hours had been used, and if these had been the odd hours of lunar 
time (though this would be a little troublesome to arrange, in practice), we 
should have obtained the sequence a 1 , a 3 , . ; likewise if the even lunar 

hours had been used, the result would have been u a , a 4 , ..., a w . Suppose we 
had interpolated in each case, to obtain values for the missing hours ; the results 
would have been 

rt i» £ (<h + + a b ), , 

and 

!<«■ + a %)> °S> £ i a % + a g)» * » a M> £ ( a M “f* #1)1 
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there being some doubt as to the extrapolation at the two ends of the latter 
(even) sequence. By subtracting one sequence from the other, we get 

Oj J (a*5 + i (®l + a s) — a 2* a 3 — i ( a 2 + a *)> •••» 

which is analysed for the second harmonic ; the result is taken to represent 
twice the difference between 8T as actually determined, and as would have 
been determined if only the odd lunar hours had been considered *, if the even 
hours only had been taken, the difference would have the opposite sign. 

The results are represented graphically in fig. 10; the lines are centred at 
the points representing the determinations given in Table III, and their lengths 
and directions represent the difference between ST as determined from the 
odd and even hours respectively. The lengths are as follows, in terms of 
10" 4 0 C. as unit 

Decade ... . a b c d e Mean (1866-1918) 

Length . . 30 12 5 34 28 7 

The corresponding mean additional probable error for one decade, due to using 
alternate hours, is therefore about 10.10~ 4 0 C., slightly loss than in case (6). 
It raises the decade probable error from 73 to 71, if the decimals of degrees 
are omitted also, the total probable* error for a decade-mean is raised to 79. 
The corresponding rise in the probable error for the mean result from the 
whole period would be from 30 to 32, 

This rise is not a serious one, and it would therefore seem that in the present 
investigation the computing work could have been advantageously reduced by 
using every second hourly value instead of every value, and by ignoring the 
decimals of a degree. In any future work of this kind, relating to the lunar 
variation of atmospheric temperature, careful consideration should be given 
to these possible improvements in the work. Whether they are advisable or 
not depends upon the degree of variability of the second harmonic denved from 
a single day’s data, or, what is equivalent, it depends upon the decade probable 
error as determined in § 9. At a station where this was much less than that 
for Batavia, it might be best to use the full data, as has been done in the 
present work. It must be remembered, however, that the temperature 
variation to be determined is likely to be less at any other station than it is 
at Batavia, where the lunar atmospheric tide is unusually great; hence it 
can only be determined with great difficulty, and from a long series of data, 
unless the decade probable error, as determined in § 9, is much less than that 
for Batavia. The first thing to be done, therefore, in considering an investiga- 
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tion at any further station would be to examine the variability of the solar 
diurnal variation derived from individual days, and to compare the decade 
probable error inferred from this with the expected magnitude of the lunar 
diurnal variation of temperature, and with the additional probable error due 
to contractions (a) and (6); the decision whether to adopt the latter could 
then be made, and would depend on the number of years’ data available, and 
on the accuracy desired in the final result. If, for example, it were expected 
that the tidal pressure changes at the station would be nearly isothermal, the 
expected temperature variation would be much less than the adiabatic value, 
and the allowable probable error in the result would be correspondingly reduced. 


11. Determination of the Lunar Temperature Variation from Rainless 

Days only . 

A further possible improvement m method would be by the use of selected 
days of temperature variability smaller than the average (just as, in deter¬ 
mining the lunar atmospheric tide at Greenwich, I used only the days of pressure 
range less than 0-1 inch). At my request, Mr. J. C. P. Miller investigated the 
influence of various factors—sunshine, cloud, rainfall—upon the course of the 
daily temperature variation at Batavia. It appeared that the most important 
factor was the rainfall, particularly since its effect depended so greatly upon 
the time at which it occurred. Rain at night was relatively unimportant 
compared with rain by day, which rapidly lowered the temperature to about 
the night value. If the ram occurred before noon, the maximum temperature 
would be that just beforehand, the normal increase towards noon being sup¬ 
pressed. Thus on rainless days the solar diurnal range of temperature is 
greater than the average, but it is more constant from day to day. It was 
therefore hoped that a determination of the lunar diurnal variation of tempera¬ 
ture from these days would give a result having a smaller probable error than 
that derived from all days, the reduced variability of the daily temperature 
variation more than compensating for the reduction in the number of days. 

The Batavia volumes fortunately give detailed tables of rainfall, and from 
these it was easy to pick out the rainless days. The corresponding Hollerith 
cards were picked out by hand, and dealt with as in the previous investigation 
of all days, except that, on account of the reduced amount of material, the 
whole period was divided into two sub-periods only, 1866-1898, and 1899- 
1926. Eaoh of these was divided up into the three seasons, but no sub¬ 
division depending on the moon’s distance was made. The work on the period 
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1808-1926 was initially done in two parts, for the years up to and after 1908, 
on account of the change in unit from Fahrenheit to Centigrade. 

The results obtained are as follows :— 


Batavia. 


Period. 

Season. 

i 

No of day*. 

h. unit 10- 4 0 C. 

1° 

1860-18 08 

J 

2644 

83 

0 

83 


E 

2308 

t 74 

60 


I) 

1402 

204 

i 

73 


Total 

6640 

106 

76 

lssa-iaae 

J 

2420 

126 

01 


K 

1011 

133 

60 


D 

1104 

204 

70 


Total 

5444 

142 

78 

1866-1696 

J 

6373 

102 

87 


K 

4214 

101 

60 


D 

2606 

204 

72 


Total 

12003 

121 

77 


The above table shows that the number of rainless days was slightly more 
than 60 per cent, of all days ; the proportion was much greater in the J season 
(May to August) than in the D season (November to February). The values 
of L found from the various sub-groups of rainless days are scattered somewhat 
widely about their mean, which itself is distinctly larger (121) than the mean L 
found from all days (86). The phases l for the sub-groups of rainless days 
show a relatively small scatter, while their mean, 77°, is somewhat larger than 
that (67°) from all days. 

The probable errors of the various determinations m the above table were 
determined from the inequalities for the separate transit-time sets of data in 
each group. It was thus found that the mean probable error in the semi¬ 
diurnal component of the temperature variation on rainless days was 0-32° C., 
as against 0*44° C. from all days (§ 9). The reduction for rainless days is less 
than was anticipated, and barely compensates for the reduction in the number 
of days used. The probable error of the mean determination from all the rain¬ 
less days used is 29.10~ 4 ° C., practically identical with that found in § 9 for 
the mean result for all days. The vector difference between the two deter¬ 
minations has a magnitude 46 10~ 4 0 C., or l£ times the estimated probable 
error of either result; the probable error circles round each mean result thus 
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intersect, but each mean is outside the probable error circle surrounding 
the other. It would, however, in my opinion, be unsafe to conclude on the 
present evidence that there is a real difference between the lunar diurnal 
temperature variation on all days and on rainless days. The work on the 
rainless days should be regarded as affording further confirmation of the 
approximate magnitude and phase of the lunar temperature variation previously 
found from all days, without insisting on the difference between the two deter¬ 
minations. It was, however, somewhat disappointing that the use of ramless 
days only did not result in a reduction of the final probable error. This work 
suggests that there ns little hope of a materially improved determination of L 
and l from Batavia (and a fortiori from any other observatory) within the next 
60 years, the accumulation of a much longer series of data being the primary 
condition. 
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The Homogeneous Catalysis of Gaseous Reactions.—The Catalytic 
Decomposition of Nitfous Oxide by Halogens . 

By F. F. Musgrave and C. N. IIinshelwoop, F.R S. 

(Received March 10, 1932.) 

It was recently discovered* that iodine exerts a pronounced catalytic 
influence on the thermal decomposition of nitrous oxide. Bromine and 
chlorine have now been found to have similar effects. 

The reactions are of the first order with respect to the nitrous oxide and 
there appears to bo little doubt that decomposition into a nitrogen molecule and 
an oxygen atom occurs under the influence of the halogen. The balance of 
evidence is in favour of the hypothesis that the effective catalyst is the free 
halogen atom. Whether the oxygen atom from the nitrous oxide remains 
attached to the halogen for a finite tune cannot be definitely stated. 

The most remarkable thing about the reaction with iodine is that it attains 
a definite limiting rate as the concentration of the catalyst is increased—a type 
of behaviour of which examples suitable for quantitative study are not common. 
There are indications that a limiting rate may exist with the other halogens, 
but, if so, it is not so quickly reached as with iodine. 

Kinetics of the Catalytic Reactions. 

The method of experiment has been described in previous papers,f and 
the only detail to which reference need now be made is the method of intro¬ 
ducing small quantities of iodine into the reaction vessel. This was done by 
allowing isopropyl iodide vapour to decompose in the vessel itself and then 
adding enough air to burn the hydrocarbons formed. This has the great 
advantage that no iodine comes mto contact with the mercury of the mano 
meter. Special experiments, to be referred to later, showed that none of the 
substances present had an influence even remotely comparable with that of 
the iodine. 

The catalytic reaction yields nitrogen and oxygen, no appreciable quantity 
of nitric oxide being produced. It is of the first order with respect to the 
nitrous oxide, the time of half change, t, being independent of the initial 

* * Proo. Roy. Soo.,’ A, vol. 135, p. 23 (1932). 
t E.g n ‘ Proo. Roy. Soc./ A, vol. 128, p. 75 (1930). 
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pressure of the gas, and the course of the reaction for a given initial pressure 
being expressible by the usual unimolecular equation. The results found with 
iodine are given in Tables I and II. 

Table I. 

Temperature 700° C. Temperature 700° C. 

Iodine, 0*032 mm. Iodine, 1*4 mm. 


Time. 

i 

Amount 

changed 

k 

(ummol.). 

Time. 

Amount 

changed. 

k 

(uni mol,). 

seconds 



seoonds 



7 

10 

0 00621 

12 

26 

0 0083 

16 

20 

0 00608 

17 

36 

0 0087 

23 

30 

0 00624 

22 

45 

0*0091 

34 

40 

0 00406 

20 

65 

0 0000 

44 

60 

0-00608 

37 

66 

0*0089 

67 

60 

0 00603 

47 

75 

0*0088 

72 

70 

0 00602 

73 

06 

0*0000 

02 

80 

0 00490 

00 

122 

— 

163 

106 

0 00600 




00 

124 

l — 





Table II. 

Temperature 676° C. Catalyst, 6 mm. 


Initial pressure of 
nitrous oxide. 

Time of half change, r. 

mm. 

seoonds 

482 

81 

337 

82 

126 

87 

78 

93 


The reaction is homogeneous, t being almost exactly the same in an un¬ 
packed silica bulb and in one packed with spheres of silica, the area/volume 
ratio of which was about 16 times greater. 

Catalyst (mra ) t, unpacked vessel. t, packed vessel. 

0*84 43 40 

23 26 29 

The influence of the iodine concentration is shown in Tables III and IV. 

The figures for the partial pressures of molecular and atomio iodine are 
calculated from the equation 2C 3 H 7 I — C a H« + C s H g +1, and from the 
measurements of Bodenstein and Starck* on the dissociation of iodine, which 


* 4 Z. Elektrochem.,’ vol 16, p. 061 (1010). 
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Table III. 


Temperature 700° C. Initial pressure of nitrous oxide, 300-400 mm. 


Total pressure of 
decomposed 
isopropyl iodide. 

Partial pressure 
of 

iodine atoms. 

Partial pressure 
of 

iodine molecules. 

Half life. 

mm. 

mm. 

mm. 

second h 

0 

— 

— 

1079 

0 095 

0 045 

0 001 

60 

0 23 

0 10 

0 007 

52 

0-89 

0 34 

0 07 

43 

1*95 

0 61 

0*24 

40 

4*3 

1 1-06 

0 73 

34 

0'2 

| 1 34 

117 

31 

23 

i 3 0 

5 7 

25 


Table IV. 

Temperature 660° C. 


Total pressure of decomposed 
isopropyl iodide 

Half life. 

mm. 

seconds 

0 

5600 

0 49 

262 

2 7 

211 

4 7 

168 

23 

137 


by a small extrapolation give 2-07 X 10 ~ 3 for p x */p !t at 700° C., the unit 
being the atmosphere. A slight inaccuracy is caused by the decomposition 
of the hydrocarbons, but this is of no importance and does not appreciably 
affect the relative values of p r and pi x . It will be seen that at the lower 
pressures of the catalyst the iodine is present predominantly in the form of 
atoms. This at once raises the question whether the atom or the molecule is 
the effective agent. The problem should be soluble in principle by studying 
the form of the curve relating t and the concentration of the catalyst, but the 
results with iodine are not very well adapted to this purpose, because the 
concentrations at which measurements can be made conveniently are already 
in the region of saturation. With chlorine and bromine the conditions are 
more favourable. 

Two series of experiments were made with bromine : in the first free bromine 
was used, the mercury in the manometer being protected from attack by a 
buffer of 50 mm . air, while in the second series the bromine was produced in 
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the reaction vessel by decomposing propyl bromide, the hydrogen bromide 
formed being oxidised by air before the nitrous oxide was added. The 
similarity of the two sets of results shows that the action of the other substances 
present is negligible compared with that of the halogen. In fig. 2 all the 
results are plotted on one curve, taking the bromine pressure to be one-fifth 
of that of the total decomposition products of the propyl bromide. 


Table V. 

Temperature 722° C Initial pressure of nitrous oxide, 280-310 mm. 


Pressure of bromine 

i 

Partial pressure of bromine 
atoms 

Half life 

mm 

mm 

seconds 

0 

0 

650 

O 20 

O 048 

220 

0 40 

O 071 

225 

1 04 

0 119 

161 

1 1 1 

O 122 

150 

2 4 

0 180 

127 

4 7 

0 252 

102 

11 

0 39 

66 

10 

0 47 

62 

27 

0 60 

52 


The partial pressures of bromine atoms are calculated by extrapolation of 
the data of Bodenstein,* K p at 722° C being approximately 2 X I0 -6 (atmo¬ 
spheres). 

Table VI. 

Temperature 722° C Initial pressure of nitrous oxide, 300-310 mm. 


Pressure of decomposed 


propyl bromide 
(before oxidation) j 

Half life 

1 

mm 

: 

seoonds 

0 

660 

0 5 

827 

3 

222 

6 

178 

11 

133 

16 

119 

33 

97 

50 

104 


With bromine, as with iodine, the reaction is of the first order. For example, 
with a constant bromine pressure of 2 mm. the half life values at 705° C. for 

* * Z. Elektroohem.,' vol. 22, p. 327 (1916). 
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34, 110, 261 and 433 mm. nitrous oxide were 226, 237, 275 and 230 Beconds 
respectively. 

Experiments were made with free chlorine, the manometer being protected 
as before by a buffer of about 50 mm. air. 


Table VII. 

Temperature 722° C. Initial pressure of nitrous oxide, 300 mm. 


Pressure of chlorine. 

Partial pressure of chlorine 
atoms. 

Half life. 

ram 

1 

mm 

neoonda 

0 

0 

660 

1*5 

0 0114 

436 

3 2 

0 0180 

390 

4*75 

0 0203 

309 

71 

0 0248 

264 

11 2 

0 0311 

210 

18 0 

0 0404 

196 

100 

0 093 

116 


The partial pressures of atomic chlorine are calculated from the data of 
Wohl,* which by extrapolation to 722° C. give for K v the value 1 • 15 X 10” 7 
(atmospheres). 

Table VIII 

Temperature 680° C. Initial pressure of nitrous oxide, 200 mm. 


Pressure of chlorine. j 

Half life. 

mm. 

seconds 

0 

2460 

14 

826 

32 

644 

68 

610 

103 

384 

20*1 

237 


Discussion of the Results 

With iodine the rate of reaction reaches a limiting value as the concentration 
of catalyst increases; the first impression given by an inspection of the Tables 
V to VIII is that similar limits exist with chlorine and bromine, but more 
careful consideration shows that the matter is not easy to decide. 

Iodine exerts a marked influence under conditions where it is present 


♦ ‘ Z. Eiektrochem./ voL 30, p. 36 (1924). 



so 


F. F. Musgrave and C. N. Hinshelwood. 


predominantly in the atomic form. This suggests that the atom may be the 
effective catalyst. When the velocity constants of the various reactions 
(A = log, 2/t) are plotted against the actual concentrations of free atoms, the 
tendency to reach a limiting value is seen still to be clearly marked with iodine, 
but much loss definite with bromine, though the curve is distinctly convex 
to the rate axis. With chlorine the maximum atomic concentration employed 
is still so small that there is little sign of departure from a straight line relation. 
Thus with chlorine and bromine it is hard to come to a definite conclusion 
about the existence of the limiting rate, though fig. 1 shows that there is no 
reason to believe that it might not be reached as with iodine, and indeed with 
bromine there are positive indications of this. 

Tf the halogen molecule were assumed to be the catalyst, then the existence 
of the limiting rate would be beyond doubt since in fig. 1 we should have to 



Kio. 1.—Catalysis of the Decomposition of Nitrous Oxide by Halogens. The results for 
iodine are corrected to a temperature of 722° to make them comparable with those for 
bromine and chlorine. The two points for the highest chlorine concentration are 
scaled up from a lower temperature. 

plot the rates against the actual pressures of the chlorine and bromine instead 
of against what is virtually the square root of the pressure. All the curves 
would then bend round quite sharply. 

Several kinds of mechanism may be postulated to explain the tendency of 
a homogeneous reaction to reach a limiting rate. 

1. The catalyst may act in virtue of its ability to communicate the activation 
energy effectively to molecules which would only acquire it much more slowly 
in the absence of the catalyst. These decompose or react, not at the moment 
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of the activating collision, but after a finite interval of time during which they 
are exposed to the risk of deactivation. Molecules of the catalyst are them¬ 
selves able to cause deactivation. 

2. The molecules of the reacting gas may be activated independently of the 
catalyst, but require the co-operation of the catalyst before their final trans¬ 
formation can be completed. In the meantime they are exposed to deactiva¬ 
tion by such influences as collisions with their own kind. As soon as th£ 
concentration of the catalyst becomes high enough to ensure that all the 
activated molecules have a reasonable chance of meeting a catalyst molecule, 
before being deactivated, the rate of reaction begins to approach a limiting 
value. 

3. The catalyst may activate the molecules of the reacting substance and 
remain temporarily associated with them in the form of a complex, which 
undergoes the completed decomposition after a certain lapse of time unless 
it has been previously resolved into its constituents again by further collisions 
with catalyst molecules. 

4. There may be a chain reaction in which the catalyst plays the dual role 
of storting and stopping chains. 

It is easily shown that mechanism 2 gives a reaction of the second order 
with respect to the nitrous oxide ; mechanisms 1 and 3 give first order reactions 
with velocity constants proportional to b [Catalyst]/(1 + V [Catalyst]). The 
limiting rate given by mechanism 1 is the same for all catalysts (compare the 
influence of certain inert gases on quasi-unimolecular reactions), while that 
given by 3 varies with the catalyst. It is hardly possible from the experi¬ 
mental results to decide conclusively between 1 and 3. On the whole, we 
are inclined to regard 3 as the most probable, and the possibility of a chain 
mechanism must also be borne in mind. 

The following facts render probable the conclusion that the effective catalyst 
is the halogen atom; firstly, iodine is active under conditions where it is 
predominantly in the atomic form, and secondly, with chlorine and bromine 
k plotted against the square root of the halogen concentration gives an approxi¬ 
mation to a straight line over the range indicated in fig. 1. If there is no need 
to assume the existence of a limiting rate, the latter fact proves without further 
discussion that reaction depends upon collisions between nitrous oxide molecules 
and atoms of chlorine or bromine. With the existence of a limit the square 
root relation might be of no particular significance, but even here detailed 
calculation shows the results to be in better accord with the atomic than with 
the molecular hypothesis. To see this we proceed as follows. From the 
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equation k = b [X] /(I + 6' [X]), whore X is the concentration of the catalyst, 
it follows that t plotted against the reciprocal of [X] should give a straight 
line. Fig. 3 shows t for bromine plotted against l/[ Br a ] and against l/\/[Br 9 ], 
».e., against l/[Br], It will be seen that there are clear indications of a limiting 
rate corresponding to t = 32, and also that the square root relation is the 
appropriate one. The equation given above neglects the rate of the un¬ 
catalysed reaction in comparison with that of the catalytic, an approximation 
which ceases to be valid when the bromine concentration is small. A better 


approximation is 



- vfeL, 

1+6' V[BT t ] 


which is simply transformed into 


T = + 


V[Br t ] 


-I1-- 


t 0 being the half life in the absence of the catalyst and that corresponding 
to the limiting rate. In fig. 2 the continuous line is drawn from the equation 


T 


32 + 


186 

VN 



while the points are the experimental values (those indicated by circles 
referring to experiments made with propyl bromide). 
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The marked differences m the catalytic efficiency of the various halogens 
are largely accounted for by the differences in the dissociation constants. For 
a given Atomic concentration fig. 1 shows the order of magnitude of the various 
influences to be the same, though iodine is still considerably more effective 
than the other two halogens. This may well be connected with the greater 
ease of formation of iodine oxides, for even at high temperatures this may 
reveal itself in the greater ability of iodine to assist the removal of the oxygen 
atom from the molecule of nitrous oxide. Whether, however, a definite chain 
of reactions is set up m which various transitory iodine oxides play a part 
is a matter for speculation , it is suggested by the mechanism of the catalysis 
of the decomposition of ozone by halogens, where apparently several different 
oxides of chlorine and bromine are involved. The extreme instability 
of halogen oxides at high temperatures is not a serious objection, since their 
life need not be supposed to exceed the time between two collisions of the 
chemical type necessary to form and destroy them. The stability of the 
oxygen atom in N 2 0 at 700° C is about the same as that of the odd oxygen 
of ozone at ordinary temperatures, so that the molecular forces may 
well be of the right magnitude to allow the iodine atom to combine with it. 

The inverted order of chlorine and bromine m the series in fig. 1 is probably 
not of much significance. The differences may possibly be explained by the 
fact that with chlorine there is always a great preponderance of molecules 
present, and that these may be expected to exert an effect of their own is 
evident from the catalytic activity of such gases as nitric oxide. At an atomic 
partial pressure of 0*1 mm. under the conditions shown in fig. 1 the partial 
pressures of the molecules are respectively 0-007 for iodine, 0-66 for bromine 
and 114 for chlorine. 

Temperature Coefficient of the Reaction Velocity . 

The determination of the temperature coefficient is complicated by the 
changing degree of dissociation of the halogens. The plan adopted was to 
make measurements at different temperatures with a relatively high constant 
pressure of the halogen, and to calculate the actual pressure of atoms present 
at each. For one temperature data are available for plotting rate against 
atomic partial pressure ; over not too large a range this curve may be used to 
correct the results at each temperature to a constant concentration of atoms. 
From the data corrected in this way the energy of activation may be calculated. 

In all experiments the initial pressure of nitrous oxide was 300 mm. The 
bromine pressure was 4 mm., chlorine pressure 13 mm., while for iodine 6 mm. 
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of decomposed isopripyl iodide were used. T is the Centigrade temperature, 
t the observed half life, and t' that corrected to a constant partial pressure of 
atoms. 



Table IX. 



Iodin<*. 



Bromine. 


Chlorine. 

T. 

1 

T 

l t' 

i 

T ! 

! 

T. 

t'. 

T. | 

T. 

r'. 

700 

31 

31 

745 

51 

62 

744 

1 123 

i 

137 

ft 75 

82 

75 5 

722 

112 

112 

722 

j 210 

210 

650 

158 

13ft 

700 

220 

181 

702 

1 448 

368 

625 

433 

, 349 

680 

443 

315 

682 

820 

524 

E 

= 51,500 cnl 

E - 48,600 cal. 

E = 

» 46,500 oal. 


The values of E are given to the nearest 500 calories Having regard to 
the possible errors we may consider the differences between them unimportant; 
indeed, for theoretical calculations it would probably be best to assume a 
standard value equal to the average, 49,000 This, as might be expected, is 
appreciably lower than that of the uncatalysed reaction. If the halogen 
molecules were assumed to be the catalysts, then the changing dissociation 
would not have to be taken into account in this way, and the values of E would 
be 59,000, 63,000 and 59,000 for chlorine, bromine and iodine respectively. 
These are improbably high, which lends some indirect support to the view that 
the atom is the catalyst. The corrected values are naturally subject to greater 
uncertainty than they would have been had a more direct method of deter^ 
mination been possible. If the rate of reaction had been a strict linear function 
of the atomic concentration, then it is easily shown that the correction to be 
applied is half the heat of dissociation of the halogen molecule. This would 
make the corrected value for bromine about 40,000 calories. The actual value 
lies between this and the uncorrected value, since the rate of reaction is rather 
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less than directly proportional to the atomic concentration. The value 
of E which would allow the observed rate of reaction, with 0*2 mm. catalyst 
and 300 mm. nitrous oxide at 722° C., to bo accounted for with activation in 
two Bquare terms only is about 35,000 calories. Thus either several degrees 
of freedom of the system N a O-Br are involved m the process, or some kind of 
chain mechanism operates, or the collisions between the halogen atoms and 
N a O are associated with an “ abnormal diameter.” 

Photochemical Experiments . 

If the decomposition is catalysed by the halogen atom, it should be possible 
to accelerate it photochemically, though the effect may be difficult to detect on 
account of the intensity of the light source required to produce a concentration 
of atoms comparable with that due to the thermal dissociation at 700°. It is, 
of course, useless to seek an effect at low temperatures, since the reaction has 
a high heat of activation. Experiments were made between 600° and 700° 
m a silica bulb with an optically worked quartz plate fused to one end, con- 
tamed in a horizontal electric furnace also provided with an optically worked 
quartz window through which the bulb could be illuminated The source of 
light was a 1000 candle-power tungsten lamp The light was filtered through 
copper sulphate solution and cooled and concentrated by passage through a 
globe contammg running water. With iodine it was useless to seek any effect 
at 700° since the limiting rate is too nearly reached at any convenient con¬ 
centration, but at 600° an appreciable acceleration was observed. With 
chlorine no acceleration could be detected, probably because of the unfavourable 
extinction coefficients, but with bromine a small definite effect was found. 
The best conditions for observing it were with about 0-5 mm. bromine and 
300 mm . nitrous oxide at 650. The method of observation was to take the 
times required for the pressure in the reaction vessel to increase by successive 
amounts of 10 mm. with the light alternately on and off. The relative 
shortening of the intervals by illumination is shown in fig. 4. At higher 
concentrations of bromine the relative acceleration by light is less marked. 

Summary . 

The thermal decomposition of nitrous oxide is markedly catalysed by halo¬ 
gens. It is probable that the free halogen atom is the effective catalyst. With 
iodine, and possibly with bromine and chlorine, the rate reaches a limiting value 
as the concentration of the catalyst increases. The reactions are homogeneous 
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Fro. 4 .—Acceleration by light of the decomposition of the bromine-catalysed nitrous 
oxide. Shaded circles refer to dark intervals, open circles to illuminated intervals. 

and are unimolecular with respect to the nitrous oxide. The mechanism of 
the process is discussed. 

We are indebted to the Royal Society and to Imperial Chemical Industries 
for grants with which apparatus for this investigation was purchased. 


Some Measurements of Upper-Atmospheric Ionisation . 

By E. V. Appleton, F.R.S., and R. Naismith, A.M.I.E.E. 

(Reoeived March 12, 1932.) 

1. Introduction . 

In the wireless exploration of the electrical structure of the upper atmosphere 
a considerable simplification in the interpretation of the experimental results 
is effected if the emitting and receiving stations are placed very close together. 
In such a case it can be assumed that the waves have travelled to and from 
the reflecting region approximately along the same track, and, if care is taken 
that the emitting station radiates appreciably in an upward direction, wo may 
further assume that reflection from the upper-atmospheric layer takes place at 
normal incidence. The advantages of such a simplification arise as follows. 
The two quantities which can, in general, be measured in the type of wireless 
experiments we are considering are (a) the group-time for a signal to traverse 
the atmoepherio ray track, and (6) the angle of incidence 6 0 of the waves at the 
lower boundary of the ionised region. From (a) we can deduce the equivalent 
path of the waves m their overhead journey. Also smee sin 6 0 is equal to p, 
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the refractive index at the highest point of the wave track, and since tho 
relation between refractive index and ionisation is known, we can find from 
(6) the maximum ionisation content experienced by the waves It is therefore 
clear that, in the case of experiments at normal incidence, it is not necessary 
to supplement the measurements of group-time by measurements of angle of 
incidence, since it may be assumed that the waves have been reflected at a 
region where the refractive index has been reduced to zero. Another advantage 
arises from the fact that the very complicated expressions for the refractive 
indices of the two component waves which travel m an ionised medium which 
is subject to the influence of the earth’s magnetic field, yield easily calculable 
values of the ionisation content m terms of the wave frequency for the particular 
conditions p* = 0. 

As a result of the investigations* carried out withm the last few years it 
has been shown that them exist m the upper atmosphere two ionised regions 
from which wireless waves are reflected. The lower of these two legions is 
the Kennelly-Heaviside layer, the existence of which was inferred by Konnelly 
and Heaviside more than a quarter of a century ago to account for successful 
communication by long waves over long distances. The upper region has 
been shown to be richer m ionisation than the lower, so that when waves 
penetrate the Kcrmelly-IIeavisidc layer they may still be reflected by the upper 
region. If, therefore, we project vertically upwards waves of gradually 
increasing frequency (and therefore gradually shorter wave-length) we find 
that, at a certain critical frequency, the Kennelly-Heaviside layer is just 
penetrated and reflection begins to take place from the upper region. Since, 
as has been stated above, we assume that reflection at vertical incidence takes 
place at a place where the refractive index tends to zero and since the expression 
for the refractive index, in terras of N the ionisation content and/the frequency 
of the waves, is known, the maximum value of N is evidently determined by 
the critical penetration frequency of the waves. 

The penetration frequency of the lower region is more easily found than the 
penetration frequency of the upper region, since the former is indicated by a 
discontinuity in the curve in which equivalent height is plotted against fre¬ 
quency, while the latter can only be inferred from the absence of downcoming 
waves in the case of frequencies higher than a certain value. The present 
communication is confined chiefly to observations on the critical penetration 


* ‘Nature,’ vol. 120, p. 330 (1927); ‘ Proo Roy. Soc.,’ A, vol. 126, p. 642 (1930); 
1 Proc. Roy. Soc A, vol. 128, p. 133 (1930), 1 Proc. Roy. Soc./ A, vol. 128, p. 169 (1930) 
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frequency of the lower region with special reference to its diurnal variation 
and to its significance as a measure of the maximum ionisation content of the 
lower region. 

2. Upper-atmobfkenc Reflection of Wireless Waves at Vertical 
Incidence. 

Experiments carried out at the Peterborough Radio Research Station in 
1929 showed that it was possible to reduce the distance between the sending 
and receiving stations to 1 mile and yet obtain evidence of the interference 
phenomena from which we are able to measure equivalent heights. Later, 
at the Radio Research Station, Slough, these experiments were continued and 
the distance m question reduced to 180 yards. The detection of downcoming 
waves under such conditions was found to be facilitated by the use of an 
emitting aerial with a long horizontal portion, which ensured appreciable 
upward radiation, and also of a loop aerial at the receiving station turned so 
as to be m the “ minimum M position for the reception of the direct ground 
tiansnussion between the two stations It was clear from tho experiments 
that the chief difficulty in working at short distances could be attributed to tho 
excessive strength of the direct ground signal relative to that of the down¬ 
coming waves. We were, however, able to make enough measurements, 
particularly on the shorter wave-lengths, to be able to demonstrate satis¬ 
factorily that there is no detectable difference between the values of equivalent 
height measured at a distance of 180 yards and those measured at greater 
distances up to 9 miles. 

Since, m the determinations of the critical penetration frequency of the 
Kennelly-Heaviside layer, it was necessary to extend observations to wave¬ 
lengths as long as 600 metres, in which case the low attenuation of the ground 
waves make it quite impossible to detect downcoming waves at very short 
distances, the measurements detailed in this paper were carried out at a distance 
of 9 miles from the emitting station. Even at this distance, however, we know 
that the angle of incidence was never greater than, and usually very much less 
than 6 degrees. Working at this distance we were able to make measurements 
of the equivalent height of reflection for a range of wave-lengths from 600 to 
60 metres ; that is, for a range of frequencies from 0’6 X 10 6 cycles per second 
to 6-0 X 10* cyclos per second. We believe that the data obtamed would 
not have been materially different had the distance between the emitting and 
receiving stations been a few hundred yards. 
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3. The Relation between Equivalent Height and Frequency. 

The measurements of equivalent height given below were all made using the 
frequency-change method, Iu the present stage of our technique we are able 
to make a reliable measurement for a single moan frequency in 10 minutes so 
that a set of comparison measurements on six different frequencies can be 
made in an hour. For sunrise and sunset conditions, however, the ionisation 
in the Kennelly-Heaviside layer is altering so rapidly that the measurements 
made on, say, 12 frequencies during a run of 2 hours, are hardly strictly com¬ 
parable. But round about noon the ionisation, as will be shown below, 
reaches a maximum and a comparable set of observations is possible between 
say, 11 a.m. and 1 p.m. 

In fig. 1 is exhibited a series of equivalent height measurements, for a wide 
range of frequencies, made during the 2 hours round noon on October 9, 1931. 



This curve is typical for magnetically-undistuibed days at this time of year. 
It will be seen that for frequencies up to 3*33 X 10 6 cycles per second (90 
metres wave-length) deviation took place at the Kennelly-Heaviside layer, 
Region E, the equivalent height increasing slightly with increase of frequency. 
For frequencies of 3-75 X 10° cycles per second (80 metres wave-length) and 
over deviation took place at the upper reflecting region, Region F. Here 
the equivalent height is at first reduced but afterwards increased with increase 
of frequency. 
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The measurements exhibited in fig. 1 show that on the day in question the 
critical penetration frequency lay between 3*33 x 10* cycles per second and 
3*75 X 10* cycles per second, and we accept the mean value 3-54 X 10* 
cycles per second as an example of the nearest approach to the noon value of 
critical frequency we can obtain with our present technique. 

The interesting decrease of equivalent height with increase of frequency 
for frequencies slightly higher than the critical value is just such a phenomenon 
as may be expected* in the case of a true discontinuity in the nature of the 
path of the atmospheric waves. The equivalent path, P', of the atmospheric 
waves, from which the equivalent height is deduced for such measurements 

as we are considering, is equal to (P + / 

\ 

of the atmospheric waves. Now, if for a certain frequency, reflection ceases 
from the lower region and takes place at a higher level there will be a 
discontinuity in the optical path and therefore an infinity in the relation 
between P' and /. Actually, of course, no such infinity is observed in 
practice for the reasoning given above is based on a ray treatment and it is 
in just such problems as this that such a treatment breaks down and has to be 
replaced by the wave treatment of Hartrec.f 

In fig. 2 is exhibited a series of measurements made on October 2, 1931, 
between 11 am. and 1 p.m. G.M.T. This was a day on which a magnetic 
storm was in progress. It will be seen that, even for frequencies up to 
5*9 X 10® cycles per second, reflection took place from the Kennelly-Heaviside 
layer. On this day therefore we were unable to measure the critical frequency 
at noon and can only give its inferior limit. As will be shown later the maxi¬ 
mum ionisation in the lower region increases with increase of critical penetration 
frequency and, as we have very often found magnetic activity associated with 
a high value of critical frequency, we may conclude that the effect of a magnetio 
storm is very frequently to increase very markedly the maximum ionisation 
in the Kennelly-Heaviside layer. 

4. The Relation between Maximum Ionisation and Critical Penetration 

Frequency . 

It has been stated above that total reflection of waves incident normally 
on the ionised layer may be supposed to take place at a place where the index 

♦ * Proc. Phys. Soo.,’ vol. 42, p. 321 (1930). 
t 1 Proc. Roy. Soc./ A, vol. 131, p. 428 (1931). 


, where P is the optical path 
df / 
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of refraction p, of the medium is reduced to zero by the presence of ions or 
electrons. (We here use the term “ refractive index ” in the sense used by 
Lorentz,* limiting it to the real part of the complex refractive index used by 
other writers.) According to the simple theory of dispersion, however, the 
refractive index is never diminished quite to zero, even for very intense ionisa¬ 
tion, if the motion of the electric charges in the medium is subjected to frictional 
forces, and such forces must alwajs be regarded as present at the range of 



atmospheric heights wc are considering here But it should be noted that it 
is just for the conditions in which p ih very small compared with unity that 
tho sample treatment of wireless wave propagation in terms of rays breaks 
down, since it is not then possible to consider the properties of the medium 
as “ varying slowly ” within a wave-length.*)* For such conditions the ray 
treatment must be replaced by the wave-treatment of these problems previously 
given by Hartree4 Further need for such a change is to be found m the 
experimental fact that, as the frequency of the waves is increased, the change 

* Lorentz, 11 Theory of Electrons,'* p. 153. 

t The wave-length in the medium is here indicated. The value of this quantity approaches 
infinity as n tends to zero. 

} ‘ Proc. Camb. Phil. Soc.,’ vol. 25, p. 07 (1029) and ‘ Proc. Roy. Soc./ A, vol 131, p. 
428 (1031). 
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over from reflection at Region E to reflection at Region F, although rapid, is 
not exactly discontinuous, there being a small transitional range of frequencies 
in which the simultaneous reflection from both regions is observed. Such an 
effect clearly cannot be explained in terms of a ray treatment according to 
which reflection is complete or non-existent. 

Without a knowledge of the nature of the relative distribution of ionisation 
with height (as distinct from the actual values of ionisation content at different 
heights) we are unable at present to make use of Hartree’s treatment. It can, 
however, be regarded as certain that marked reflection can only take place 
from regions where p. does not differ substantially from zero, and we feel 
justified m taking as a first approximation the condition p, = 0 as expressing 
the properties of the medium m which the waves are reflected. Such a pro¬ 
cedure may also be justified by regarding the problem in another way. If we 
imagine the process of deviation as approximating to reflection from a stratum 
of sufficient thickness with a relatively sharp boundary (the wave-length being 
large as p tends to zero) the reflection coefficient p (defined as the ratio of the 
reflected and incident amplitudes) is given by 



where k is the absorption coefficient, c the velocity of light in txxcuo, and p the 
angular frequency of the waves. When absorption is very small, as is the case 
in the problems we are considering, reflection becomes marked when the value 
of (jl approaches zero. 

At present we are unable to state with certainty whether the effective 
electrical carriers in the Kennelly-Heaviside layer are of electronic or ionic 
mass although it is fairly clear, from experiments carried out between East 
London College and King’s College, London, by Mr. 6 Builder and one of the 
writers, that electrons alone are of importance in causing reflection from the 
upper ionised region. Now the general expression for the refractive mdex of 
an ionised medium for waves propagated in any direction relative to the 
earth’s magnetic field is 
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where k } o and p have the significance stated above and the quantities a, (J 
and y are similar to those used by Lorentz in his theory of dispersion, namely 


a 


—wp 2 __ 
47 rNe 2 


__ pm 
in rNe* 


Tt = 


pH, 

4 rccNe 


Yr, — 



47 tcNc 




J 


( 2 ) 


Here N is the number of electric charges (of mass m and charge e) per cubic 
centimetre, t is the time between two successive encounters of a charge with 
gas molecules, and H L and H T are respectively the components of the earth’s 
magnetic field along and at right angles to the wavo normal. 

If friction is neglected we can put p and k equal to zero in (1), which then 
becomes* 


H. a =l + ' 


—rn- 

2a- =*S-± 
1 + a 


\J — Yl .. + 4 Y * 

V (1+oc) 2 ^ TL 


( 3 ) 


from which we deduce that y* — 0 when 


and 

or when 

and 


1 + a = 0 (lower sign) 

1 + a = ± VYi? -f Yt* = ± |y| (upper sign) 

N -= 7 ./* (lower sign) 

e 2 


N = } -j- (P±ff n )< (upper sign) 


' ( 4 ) 

( 5 ) 

(«) 


/ being the frequency of the waves and f n equal to 

ey'Hr' + iiJ 
me 

or He/mc. 

* It is important to note here that, if p is made equal to zero, the right-hand side of (1) 
is equal to y* only so long as it is zero or positive. If it is negative it is equal to — A*/p* 
and y* is then equal to zero. 
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It should here be noted that the relations (3), (4), (5) and (6) hold only for 
friotionle8S conditions which, as stated above, do not actually exist. Since, 
however, we know that absorption is small, we assume that the condition 
(i s= 0 for zero friction gives us the condition when p is approximately equal 
to zero for small friction. 

If, in (5) and (6),/ is what we have called the critical penetration frequency, 
N clearly represents the maximum value of the ionisation content in the 
Kennelly-Heaviside layer. The question therefore arises as to which of tho 
three expressions m (5) and (6) we should take to calculate N raav when / is 
known. If the electrical carriers are of molecular mass (e.y., negatively 
charged oxygen atoms) the value of / H is so very small that (5) and (6) are 
practically equivalent. For electrons, however, the influence of the earth’s 
magnetic field cannot be neglected and we are faced with the difficulty that 
p is equal to zero for three values of N. Until the somewhat complex magneto- 
ionic theory is further unravelled we are unable to state how much reflection 
takes place at the three heights at which these thrpe values of N are successively 
attained. This uncertainty would therefore, on general grounds, lead us to 
take the intermediate value indicated by (5) as an average, though it, also 
happens that there is a certain amount of justification derived from experiments 
made on the polarisation of downcoming wireless waves for doing this. If 
we imagine a plane-polarised wave passing vertically into the upper atmosphere 
theory indicates that, in general, it is split up into two elliptically polarised 
waves of opposite rotational sense and different absorption coefficients. 
Although for directions of propagation along and at right angles to the field 
such components (which in these special cases are circularly and linearly 
polarised respectively) travel in regions of increasing N without change of 
polarisation, the same cannot be said for other directions inclined to the mag¬ 
netic field. Here the characteristic polarisations change as increasing values 
of N are reached. If the increase of N takes place slowly with increase of 
height we should therefore expoct the components to be continually splitting 
and re-sphtting as they progress further into the layer, so that signal impulses 
might be increased in duration. This process does appear to take place in 
the case of reflection from the upper ionised region, especially at night. On 
the other hand, if the maximum value of N were reached for a small depth of 
penetration, as appears to be tho case for the lower region we are considering, 
the changes of polarisation (apart from those due to the difference in the two 
absorption coefficients) may not be so marked. Now it is known from the 
magneto-ionic theory that the right-handed component for propagation 



Measurements of Upper-Atmospheric Ionisation . 45 

vertically upwards (and the left-handed component for propagation vertically 
downwards) has the lower absorption coefficient and this agrees with the 
experimental fact that downcoming waves, on their arrival at the ground, are 
found to possess a predominant left-handed polarisation. Since components 
of lower absorption coefficient are associated with the value of [x from which 
(5) is derived, (6) referring, in similar manner, to the component of greater 
absorption, we find support in the polarisation results for using (5) in the present 
instance. However, although m the later discussion of results we actually 
choose to do this, it should be noted that the results for (5) in the case of electrons 
would not be very markedly different if we were to choose (6) with the upper or 
lower sign. 



In fig. 3 are plotted the relations (5) and (6) for the different cases. The 
curve (a) represents the relation between N maK and / for ions of molecular 
mass (e g. t 0 atoms) the scale of ordinates being on the right. The curves 
(6), (c) and (d) represent the relations between N 11iajt and / for electrons, (c) 
illustrating (5), and (6) and (d) illustrating (6) for the upper and lower signs 
respectively. The ordmato scale for curves (6), (c) and (d) is on the left-hand 
side. In accordance with the discussion above we therefore translate the 
experimental values of / into values of N nmx (ions) using curve («), and into 
N max (electrons) using curve (c). 

5. The Diurnal Variation of Critical Frequency. 

In order to investigate the diurnal variation of critical frequency, isolated 
measurements were first made at different times of the day to find approxi- 
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mately the nature of the variation. This enabled us to develop a system of 
measurement which permitted hourly determinations of the critical frequency 
throughout the whole day. Such 24-hour runs were carried out in winter, 
Bpring and summer. The procedure adopted was to make enough determina¬ 
tions of the equivalent height at different frequencies to enable us to draw 
a curve such as is shown in fig. 1, from which can be deduced the limits within 
which the critical frequency must lie. The mean of such limits was taken as 
the critical value. Since, with our present experimental technique, about 10 
minutes is required both to change from one frequency to the next and to make 
a satisfactory determination of equivalent height, only six measurements of 
equivalent height could be made within an hour. It was therefore necessary 
to ensure that the critical frequency should lie within the frequency range 
used. This was possible from the results of the general surveys previously 
made. 

The results of the three 24-hour runs are shown in figs. 4, 5 and 6, which 
may be taken as illustrating the diurnal variation in winter, spring and summer 
respectively. The data for these curves were obtained using the National 
Physical Laboratory as the emitting station, the requisite equivalent height 
determination t>emg made, using the frequency-change method, at Radio 



Research Station, Slough, and at Kings College, London. A certain number 
of simultaneous observations were also made at the Cambridge University 
Officers Training Corps Rifle Range at Cambridge. Good agreement was 
obtained between the values of the critical frequency deduced from the 
observations at the different stations. 
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6. Disciission of Results. 

With the aid of the curves m fig. 3, the data of the diurnal variation curves 
of figs. 4, 5 and 6 can be translated into graphs showing the variation of N m a*. 




throughout the day. Taking the spring day as typical the results of this 
translation for March 22/23 is shown in fig. 7, the left-hand scale of ordinates 
referring to electrons, and the right-hand scale referring to ions. The 
corresponding curves for winter and summer have the same general 
characteristics. 
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It ifi seen that, in all cases, the ionisation is a maximum about noon* and falls 
off steadily as sunset approaches. The ionisation continues to fall rapidly 



after sunset until an almost stationary night value is reached. Before ground 
sunrise the ionisation is replenished due to solar influence, the value of N mftX 
increasing rapidly. Such an increase of ionisation before ground sunrise is 
readily understood when it is realised that we are dealing with events at a 
height of 80 to 100 km. above the earth’s surface. It is clearly evident from 
the spring and summer curves that the minimum of ionisation occurs just 
before dawn. (The constant value of critical frequency for the winter night, 
illustrated in fig. 4, is due to the rather wide spacing of the frequencies used in 
finding the limits of the critical value on this, our first, 24-hour run. All the 
available wireless evidence suggests that the ionisation, in general, falls slowly 
to a minimum just before dawn during winter, as well as during summer 
nights) 

The results obtained enable us to make a comparison of the maximum noon 
ionisation on summer and winter days. The data for such a comparison are 
tabulated in Table I. 

It will be seen that, if we assume that the effective electrical carriers are of 
electronic mass, the ratio of summer to winter ionisation is 3*1 to I, whereas 
if we assume that the carriers are ions the corresponding ratio is 2-7 to 1. 

A figure of about the same value is obtained whatever curve in fig. 3 we 
chooso as illustrating the relation between N max , and /. There can be little 

* The pre-noon maximum in the spring ourve is probably an aooidental oharaoteristio of 
this particular day, but further observations on this point are being made* 
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Table I. 


Season. 


\\ mt«r 
Spring 
Snmmer 


I Noon t utica l 
frequency 
| (cyt let* pel see.). 


2 It - 10* 

3 2 , IU« 

4 r » I0» 


Nniav 

electrons por 
cubic centimetre. 


1-2 * IO a 
I 9 n I0 4 
:i 7 5 - LO* 


Nma\ 
t«iib per 

cubic centimetre 


3 7 X 10* 
5 5 x 10* 

10 1 c 10* 


doubt, therefore, that the ratio of summer noon ionisation to winter noon 
ionisation is represented by a figure of 2 to 3. In this connection it is interest¬ 
ing to compare these results with those obtained by S. Chapman* in his 
theoretical investigation of the absorption and dissociative ionising effect of 
monochromatic radiation in an atmosphere on a rotating earth. In this 
investigation it is found that for the lat itude of London (51 • 5° N) the summer to 
winter ratio of the maximum rate of absorption of the radiation at noon is 3-4. 
Now if we assume that the process responsible for the decay of ionisation is that 
of ordinary recombination, the equation relating the ionisation N to time t is 

'f< 7 > 

where q is the number of charges produced by the ionising agency per second 
and oc is the coefficient of recombination. Now at noon f/N/rft is zero so that 

q =- aN 2 . (8) 

Now, according to Chapman, the ratio of the sunimci and wintei values of q 
is 3*4 so that the ratio of the summer and winter values of N (electrons or 
ions) is \/3'4 or 1*84. 

There is, however, another possible dissipative process to be considered if 
the effective ionisation consists of carrieis of electronic mass. It is most 
likely that the oxygen molecules in the upper atmosphere are photo- 
electrically dissociated into oxygen atoms so that there is the possibility that 
electrons may become attached to such atoms and thus relatively cease to be 
effective in influencing radio propagation. AVe should, therefore, in such a 
case, replace (7) by an equation of the form 

f-j-PN. m 

* • Proc. Phjs. Sue.,' vol. 43, p. 26 (1931) anti vol. 43, p. 483 (1931). 




50 


E. V. Appleton and R. Naismith. 

where (3 is the attachment coefficient, since we may expect the number of 
attachments per second to bo proportional to the total number of electron 
collisions with oxygen atoms. As di^jdi is zero at noon we now have 

g=pN, (10) 

in which case we should expect the ratio of summer to winter values of N to 
be 3-4. We therefore see that a consideration of the two processes of ionic 
or electronic dissipation lead us to expect a ratio of summer to winter noon 
ionisation of the order 1*8 to 3-4. The experimental values of 2*7 and 3-1 
lie within this range and perhaps suggest that, while both the processes of 
recombination and attachment are present, the latter is the more important 
dissipative influence 

The general trend of the diurnal variation curves and their marked corre¬ 
lation with sunset and sunrise leave little doubt that the chief agency responsible 
for the ionisation is of solar origin and travels through the earth’s atmosphere 
m straight lines. It must therefore consist of either aetherial radiation (ultra¬ 
violet light) or uncharged material particles In this connection S. Chapman* 
lias recently given reasons, derived from tho evidence of tho daily variations 
of terrestrial magnetism, for believing that the ionising agent for the lower 
louised region consists of neutral atoms shot out by the sun and travelling 
with a velocity of the order of 1-6 X 10* cm. per second. Such corpuscles 
would be unaffected by the earth s magnetic field and travel in straight lines 
through the upper atmosphere, ionising the air molecules by collision There 
is, however, a difficulty in accepting this agency as that responsible for the 
ordinal y diurnal variation we have described above. We refer to the results 
of the wireless experiments! made in England during the solar eclipse of 1927 
in which it was found that the effect of the eclipse was to cause a partial 
return to night-time conditions. Now a striking feature of these results was 
that there was practically no lag between the changes in the Kennelly-Heaviside 
layer and the deprivation and restoration of the solar radiation from and to the 
earth by the moon. The equivalent height and the reflection coefficient of the 
ionised layer reached their maximum values just about totality. Now Chap¬ 
man assumes that the same type of solar emission causes both the ordinary 
diurnal variation of ionisation and the marked increase of this quantity which 

* ‘ Proc. Roy Soe./ A, vol. 132, p. 333 (193L). 

t Appleton, ‘J. Inst. Elec. Eng./ vol. 66, p. 872 (1930); see also ‘ Radio Research 
Special Report Xo. 7 of the D 
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is associated with magnetic storms. The stream of particles from the sun is 
considered as electrically neutral and as consisting of positive and negative 
charges as well as a certain number of neutral atoms. The electrified particles 
are deflected by the earth’s magnetic field towards the polar regions where they 
give rise to the aurora while the neutral particles travel in straight lines and 
cause the ionisation in the lower region. 

A magnetic storm is therefore! to be regarded as resulting from an increase 
m the intensity of this solar stream, the nature of the constituents remaining 
the same as on an undisturbed day. We can therefore reasonably assume that 
the velocity of the particles m question can be estimated from data acquired 
m the study of magnetic storms Now Greaves,* from an examination of 
Greenwich solar and magnetic data has derived evidence consistent with the 

solar stream ” theory of the origin of magnetic storms which suggests an 
interval of 1^ days for the time taken by the stream to travel from the sun to 
the earth. 

A simple calculation shows that such a solar stream would take 4£ minutes 
to travel the moon’s distance from the earth, as compared with an interval 
of j ust over 1 second for ultra-violet light. At first we were inclined to interpret 
the 1927 eclipse results as deciding m favour of an ultra-violet light theory 
as against a particle theory, m view of the fact that the maximum wireless 
effect occurred more nearly to 1 second than to minutes after totality. 
But, on informing Professor Chapman of our views as to the possibility of using 
eclipses for deciding between these theories and of our deductions from the 
data already available, he very kindly investigated the matter further, and 
found that the time of travel of the supposed particles was not the mam factor 
determining the time-relations between what may be called the “ particle 
eclipse v and the “ optical eclipse.” In a paper shortly to be communicated 
to the Royal Astronomical Society he has shown that, in 1927, the particle 
eclipse ” would have been expected to occur about If hours before optical 
totality. In the 1927 eclipse no special search was made for wireless effects 
at a period If hours before the eclipse, nor would any observations at that time 
have had much value since the ordinary night-time variations would still 
have been present. In the forthcoming total eclipse in Canada on August 31, 
1932, however, totality occurs after noon so that it will be possible to make 
observations over the whole period ui which particle and ultra-violet light 
eclipses are to be expected, and we wish to draw attention to the importance 

* ** Third Report of the Commission on Solar and Terrestrial Relationships (Int. Re*. 
Gounod),” p. 0!> (1U31). 

B 2 
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of this opportunity of deciding between the rival theories.* Meanwhile we are 
inclined to interpret the 1927 eclipse results obtained by one of us as demon¬ 
strating that ultra-violet light is an ionising agent of the lower region and look 
to the eclipse of this year as showing whether or not a neutral stream of particles 
is also present. 

During the greater part of the year 1931 we have made weekly determinations 
of the critical frequency for Region E. These show that although the seasonal 
variation described above takes place, there are many days on which the 
ionisation is above the normal value. Divergences from the ordinary appro¬ 
priate seasonal value of ionisation are always increases and not decreases. 
Such departures from what may, in the wireless sense, be called undisturbed 
seasonal values may be ascribed to the influence of particles constituting the 
solar stream. Summarising the above arguments, therefore, our experiments 
lead us to accept ultra-violet radiation as one of the causes, if not the chief 
cause, of the ordinary diurnal replenishment of the ionisation in Region E and 
to regard the 4 4 solar stream ” of neutral particles as causing the extraordinary 
effects on abnormal days. 

We now turn to consider certain other experimental facts derived from our 
experiments. Although the data in figs. 4, 5 and 0 indicate that, for the nights 
in question, the ionisation in Region E steadily decreased as the night advanced 
we have noted, on quite a number of nights, that the ionisation in Region E 
can actually increase at a period during the night when any solar radiation 
propagated rectilmearJy could not possibly be reaching it. It therefore appears 
as if there is some other agency which produces nocturnal ionisation beyond 
the ordinary amount constituting the residue from the day-time and it is 
therefore possible that part of the ordinary night-time value of 10 4 electrons, 
or 3 X I0 8 ions, indicated m fig. 7 can also be ascribed to this unknown 
influence. 

The present series of observations does not give us any clue as to whether the 
electrical carriers arc of electronic or atomic or molecular mass. The reason 
for this is that the essential quantity measured in these experiments is N /in, 
N being the number of charges (each of mass m) per cubic centimetre. We have 
accordingly expressed the results for N in two ways, namely (a) for ions, and 
(b) for electrons. But other wireless evidence may be expected to shed light 

* It will be Been from the results described in this paper that possibly the most suitable 
wave-length for use in these experiments would be one which was just greater than 
the critical value, so that a small reduction of ionisation would permit penetration of 
Region E. 
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on this question in the following way. If the charges in question are of elec¬ 
tronic mass we may expect that m the process of deviation the two magneto- 
ionic components resulting from a very short signal pulse will be separated in 
time because of the difference in group velocities.* Also we should expect 
that, in experiments with a sustained signal, the waves, deviated by the upper 
atmosphere would, on their arrival at the ground, exhibit some characteristic 
polarisation due to the differential absorption experienced by the two com¬ 
ponents. Now, as mentioned above, Mr. Builder and one of the writersf have 
observed the doubling of signal pulses in the case of signals returned from the 
upper ionised region. Characteristic polarisations are also noted for waves 
reflected by the same region There is therefore no doubt that, for the upper 
region, the electrical carriers are of electronic mass. In the case of the lower 
region the evidence is not so complete, but it is known that a characteristic 
polarisation is produced indicating the existence of electrons in sufficient 
numbers to produce absorption. Observations on the doubling of signal 
impulses, although actually observed in the case of Region E, cannot be 
ascribed to magnetic influence with the same certainty as in the case of Region 
F. The results therefore so far lead us to conclude that while electrons must 
constitute a proportion of the ionisation in Region E, it cannot yet be said that 
ions exert a negligible influence on wireless propagation as can be said in the 
case of Region F. 

Although this paper is concerned primarily with the ionisation in the lower 
of the two atmospheric ionised regions it is of interest to compare the results 
described above with the corresponding values for the upper region obtained 
by Mr. G. Builder and one of the writers in experiments carried out between 
East London College and King's College, London. (In these experiments the 
ionisation m Region F was found by determining the frequency of the waves 
which just penetrated both regions at normal incidence.) The results of this 
comparison may be summarised as follows :— 

(1) The day-time ionisation in Region F is about four or five times as 
intense as that in Region E. 

(2) The ionisation in Region F reaches a maximum 2 or 3 hours after mid¬ 
day, whereas the ionisation in Region E is a maximum at noon. This 
difference is readily attributable to the difference in the recombination 

* The condition most favourable for such a separation would be for the ionisation 
content to be sensibly constant over a considerable range of the atmospheric path so that 
the two components would be propagated independently. 

t Appleton and Builder, * Proo. Phys. Soi* vol 44, p. 82 (19112) 
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coefficients in the two regions, recombination being more rapid in the 
lower than in the upper region. 

(3) The ratio of summer to winter day-time ionisation is about 1*8 to 1 for 
Region F, whereas it is about 2*5 to 1 for Region E. 

Summary. 

Experimental h ork on t he reflect ion of wireless waves by the upper atmosphere 
has shown that if the frequency of waves, projected vertically upwards, is 
steadily increased, the Kennelly-Heaviside layer (Region E) is ultimately 
penetrated and reflection takes place at the upper region (Region F) The 
critical penetration frequency, for which reflection at Region E ceases and 
reflection at Region F begins, is found to vary diumally and seasonally. From 
measurements of the critical penetration frequency made in South-east England 
the variation in the maximum ionisation content of the Kennelly-Heaviside 
layer has been studied. The value of this ionisation is found to be at a maxi¬ 
mum about noon and at a minimum just before dawn The diurnal variation 
curves are found to correspond very closely to the theoretical curves obtained 
by S. Chapman in his study of the atmospheric ionisation produced by a solar 
stream of monochromatic radiation. Summer noon ionisation is found to be 
about 2\ times as intense as winter noon ionisation. 
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On a Large Scale Crystalline Structure in Certain Glasses of 
Exceptional Composition . 

By Ixird Kayleiuh, For See. it.8. 

(Rouuved March 16, 11)32.) 

| Plates 1-3] 

Some years ago I described a doubly refracting structure in silica glass.* 
This was detected by examining the glass between crossed nicols, using the 
necessary precautions to get a really dark field, so that very weak double 
refractions are brought into evidence. 

The character of this double refraction was such that it could not be attri¬ 
buted to mechanical stress, and had rather to be assimilated to the “ liquid 
crystals if observed by Lehmann in some melted organic substances. 

For example, a disc of fused silica might indeed show the usual dark cross 
indicating mechanical stress, but superposed on this was a much smaller 
granular structure of crystalline or quasi crystalline origin This latter was 
still so large that it could be well examined without magnification, the size 
of the granules being about 0-5 mm. On melting and drawing out this 
material, the granules were elongated into crystalline strings or fibres, and 
commercial silica rod and tubing was found to contain numerous strings or 
fibres of this kind, restoring light with crossed nicols at 45°, but giving extinc¬ 
tion at 0° or 90°. These fibres are immersed in amorphous material. It 
might be supposed possible to prepare silica glass entirely amorphous, but I 
have not met with such. The double refraction of the crystalline parts is 
very weak, and was estimated at 0*05 that of rock crystal. 

In that paper it was stated that similar effects had not been met with in any 
of the ordinary complex glasses—flint glass, crown glass, bottle glass. This 
remains true. Nevertheless, it will be shown that the case of silica glass is not 
unique. 

My attention was recalled to this subject by casually examining a plate of 
“ corex ” glass, of high ultra-violet transparency, made by the Corning Com¬ 
pany, U.S.A. This consists in the main of calcium phosphate, and shows 
between crossed nicols a structure very similar to that formerly found in silica 

* ‘Proc. Roy. Sot\/ A, \ol. 98, p. 284 (1920). See also 1 Proc. Optical Convention/ 
Pt. I, p. 41 (1928). 
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glass. A preliminary notice was sent to * Nature/* and the intention was 
expressed of examining other glasses of exceptional composition. 

In doing this, the mods were used as before without lenses or glasft caps 
between them, since these are unfavourable for getting the darkest possible 
field. The specimens when piocured from outside sources were in many cases 
polished, but glasses which are highly unstable in moist air cannot well be 
polished. In such oases, and in home preparations generally, the surfaces 
were ground flat, to the desired thickness (2 to 3 mm.) and cover slips as used 
in microscopic work were cemented with Canada balsam on either side of the 
specimen. These thin covers do not seriously spoil the dark field. 

Since field lenses are not admissible, the size of the specimen that can be 
photographed at one exposure is limited by the cross section of the nicol prism 
available. A long camera was used to take the photographs of twice the 
actual size They could then be printed by contact, without the trouble of 
secondary enlargement. A pomtolite lamp was used with a condensing lens 
which passed a slightly converging beam through the large polarising nicol and 
then through the specimen. The radiant came to a focus on the small analysing 
nicol in front of the photographic lens. In spite of the convergency, the beam 
emerging from the polarising nicol was large enough to cover the majority of 
the specimens 

The left-hand photographs on the plates, marked + ure taken with the planes 
of vibration vertical and horizontal. The right-hand ones marked X are 
taken with the position of the specimen unaltered, but the crossed nicols 
rotated to the 45° position. The reproductions are 1*3 times actual scale. 

Some of the specimens examined were sent me by Professor W. E S. Turner, 
of the Department of Glass Technology, Sheffield University, who had seen 
my letter in 4 Nature 9 and most kindly responded to a request for any specimens 
of exceptional glasses which he might have available. Others were of com¬ 
mercial origin, and others were prepared in my own laboratory with the simple 
appliances which were to hand. I had no means of measuring the temperatures 
of fusion, or of making more than small pieces. The annealing was carried 
out in a small resistance oven with a mercury thermometer readmg to 600° C. 
to control the temperature 

I have found that some to whom I have shown the photographs have been 
inclined at first sight to attribute the structure to mechanical stress, and have 
a difficulty in understanding how this view could be excluded. It may be 


* Vol. 126, p. 848 (1930), 
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remarked in the first place that patchy or strmg-like structures of this kind are 
almost always conspicuously shown m silica glass, and are never seen at all 
m ordinary flint or crown glass. Silica glass is much less expansible by heat, 
and therefore much less liable to stress due to bad annealing ; so that it is not 
very plausible on the face of it to resort to this explanation. 

There is, of course, nothing to prevent the materials here treated from showing 
patterns due to mechanical stress, if in fact they are badly annealed. The 
question is how these patterns are to be distinguished from the others, and 
it admits of a simple answer. Let us take the case of a circular disc. If this 
is badly annealed, then, as all opticians know, it shows a dark cross the arms 
of which are the traces of the vibration planes of the crossed nicols In extreme 
cases there may be coloured rings m addition. The arms of the cross are 
iliametncal to the disc, and thus bear a simple relation to its geometry as a 
whole. In the case of a rectangular or oval specimen we shall also get a dark 
cross, if the planes of vibration of the crossed mods are set along the principal 
axes of the specimen ; and even an irregular piece, if suitably oriented shows 
something similar.* 

Some specimens similar to those shown have been watched in the process of 
annealing A specimen of borax like that shown in 7 -j- and 7 X when poured 
out on a stone slab and allowed to cool in the open is very apt to fly to pieces, 
especially if it is more than 2 cm in diameter. If by good luck it does not 
do so, then it shows in the polariscope a tlun dark cross, fig. 1, A, with coloured 



a u a j> 

Fig. 1. 


rings near the margin. The general glare is so great as completely to flood 
out the phenomenon under investigation with false light. On placing the 
specimen in an oven and raising the temperature to 400° C. (which is about the 
minimum for effective annealing of this material) the stress pattern fades 
away in the course of a few hours. At 450° C. the action is verj much more 


* See photograph No. 8+, in which case the specimen was by inadvertence not sufficiently 
annealed to get rid of the Btress structure altogether, and the dark cross remains visible. 
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rapid. The process can be interrupted and the specimen allowed to cool 
for interim examination. The colours disappear, the arms of the cross become 
thicker, fig. 1, B, and the central dark region expands. In the penultimate 
stage, fig. 1, C, only narrow marginal patches in each of the four quadrants 
remain bright, and finally the central dark region has expanded to cover the 
whole specimen, fig. 1, D. Towards the later stages, as the false light due to 
stress diminishes the much fainter crystalline structure pattern comes into 
view. In practice the distinction between the two is obvious at a glance. 
Once the stress pattern has been got rid of, further changes due to a modifica¬ 
tion of the crystal-structure, so far as they occur at all, are extremely slow. 
Not much has been done in the way of looking for such changes. In describing 
the actual observations it will be convenient to begin with glasses of high silica 
content, which link up most naturally with the pure silica glass formerly 
investigated. 

No. 1 is a glass received from Professor Turner (his label P.128) who gives the 
composition as 91*6 per cent. SiO a and 8*4 per cent. Na a O. It was made 
from pure materials, and melted in platinum at 1700° C , crushed and remelted. 
It was stirred with a platinum rod, poured and carefully annealed. 

No. 2 is also from Professor Turner (his label P.124) and the composition 
is given as 4SiO a lNa a O, 79-5 per cent. SiO a and 20*5 per cent. Na a O. This 
was melted at 1400° C. In other respects the treatment was as m the previous 
case. 

No. 3.—This is commercial pyrex glass, from the Wear Glass Works, Sunder¬ 
land. It was taken from the bottom of a dish made for domestic use. In 
many cases pyrex shows no conspicuous structure, remaining dark between 
crossed nicols. In others, there arc occasional isolated curved doubly refracting 
filaments, with the direction of extinction at any point along the tangent and 
normal to the filament. In others again there is faint patchy structure. The 
specimen here shown was much the most striking out of eight or ten vessels 
that were examined. 

Pyrex, containing about 80 per cent, of SiO a , seems to be near the minimum 
silica content for showing this structure in the class of silica glasses. Even m 
pyrex, as we have just seen, the structure is often absent or inconspicuous. 
In ordinary window glass which contains 72 per cent, of silica, I have never 
been able to detect any trace of crystalline structure. It is also entirely 
absent from Hint glass (B0 per cent. SiO a ) and from baryta crown glass. 

Coming next to glasses in which silica is not the important constituent, we 
have in 4 the “ corex ” glass already mentioned, which was the origin of the 
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present work. This is the variety most transparent to ultra-violet light. Its 
composition is probably about the same as the following analysis*:— 

P,0 5 66*45 per cent., CaO 25*16 per cent., B 8 0 8 4*63 per cent., SiO a 2*12 
per cent., Al a O a 0*37 per cent., Fe a O 0*03 per cent,, MgO 0*60 per 
cent., Na a O 0*56 per cent. 

It will be noticed that a largo part of the specimen remains dark m both 
positions + and x of the nicols, and may be regarded as isotropic. Coloured 
corex glasses (green, “ red purple ” and “ blue purple ”) are also made by the 
Coming Company. These show the same kind of structure as the white corex. 

Corex is one example of a phosphate glass. Another was prepared in the 
laboratory by fusing microcosmic salt Small specimens made in this way up 
to 2 cm. diameter were often isotropic all over. In other cases they showed a 
doubly refracting structure over part of the area 

No. 5 is a pure boric oxide glass prepared under Professor Turner's direction, 
by fusing m platinum at 1400° C. It was received in the form of a roughly 
shaped rod of rectangular section. Two parallel faces were ground flat, 
scraped, and immediately protected with cover glasses before they could 
become cloudy. The material is very clear and free from bubbles. It was 
first of all examined visually, then carefully re-annealed, but the general 
appearances were not modified by this treatment. The photographs were 
taken after re-annealing. 

No. 6 is a specimen of the same prepared in my own laboratory by fusion at 
a much lower temperature. The results are generally similar to the preceding. 

The remaining photographs are of fused borax glass. 

No. 7 is a specimen prepared m the laboratory by meltmg and pouring out. 
It is for the most part isotropic, with a few crystalline patches. 

No. 8 is a slice prepared by grinding down a lump of commercial fused 
borax. The left-hand photograph (+ position of nicol) as already mentioned, 
suffers from imperfect annealing, and would probably be dark all over if 
better annealed. The right-hand photograph (X position of nicols) brmgs 
the structure into view. The indications suggest that a large mass of the 
fused material has been broken up after cooling. The " planes of bedding ” 
shown in section in 8 are probably nearly parallel to the free surface of the 
initially fused mass and represent crystalline laminae, each lamina having its 
principal directions of vibration in, and at right angles to, its own plane. 

Reference has already been made to the elongated crystals found in drawn- 

* D. Starkie and W. E. S. Turner, ‘ Trane. Sou. Glas# Technology,* vol. 12, p. 80S (1928). 
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out silica rod. It was of interest to see whether the same effect could be got 
in borax glass. Some borax was melted and poured out on a stone slab. 
Chisel-shaped pieces of iron were pressed down as quickly as possible and pulled 
apart so as to elongate the piece while still soft. It was then annealed and 
examined in the polariscope. No. 9 shows the result of an experiment of this 
kind. In the -f position of the nicols there is nothing to be seen, but in the 
X position two crystalline ribbons or fibres make their appearance, which 
show straight extinction, i.e. y the principal directions are along and perpen¬ 
dicular to the length, as in the case of silica glass. In attempting to estimate 
the strength of the double refraction, we meet the difficulty that the doubly 
refracting parts are immersed in a matrix of a different character. For this 
reason only rough estimates have been made. 

In no case has the double refraction been strong enough to give perceptible 
colour. In ordci to use the interferential tint as a criterion of the amount of 
double refractive, it is necessary to superpose a crystal plate of known retarda¬ 
tion, and to observe the addition or subtraction effect. 

Thus, superposing a quarter wave plate on the pyrex No If, we find m one 
position darkness, and in the other a straw yellow along an exceptionally 
conspicuous filament, about 2 mm. wide. The retardation in the filament 
is then about quarter wave, and if we assume the thickness to be about the 
same as the breadth, this indicates that about 8 mm. would be required to 
give one wave retardation About 0*05 mm. of crystalline quartz is required 
to give the same ( one wave) retardation. Thus the double refraction of quartz 
is about 1G0 times greater by this rough test. 


Outstanding Qitestmts. 

The present work by no means exhausts the questions opened up by the 
observations. It would be important to determine carefully the effect, if 
any, of prolonged heating at carefully controlled temperature, on the crystalline 
structure, and the relation of their effect to ordinary devitrification. In one 
cast*, I was able to observe the development of the structure in a glass prepared 
by fusion of microcosmic salt, which was mitially isotropic, by prolonged 
heating below the softening point. Other experiments of the same kind caused 
rapid devitrification, resulting in opacity. I am under the impression that to 
get satisfactory and reproducible results in this direction, great care would 
be necessary to avoid contamination with particles of impurity, and to maintain 
constant temperatures. 



Large Scale Crystalline Structure . 


61 


It would bo important, too. to study what are the conditions forgetting these 
glasses completely isotropic*. It would not seem that this is likely to be a 
very tractable problem, for the occurrence of the crystalline structure is 
sporadic even in large scale commercial products like pyrex and corex glasses, 
which, one would suppose, must be made under uniform and well-controlled 
conditions. 

An urgent problem is to determine the relation, if any, between the large 
scale crystalline structure here investigated, and the minute structure revealed 
m glasses in general by means of X-rays.* It should not be specially difficult 
to isolate or “ dig out ” pieces of silica glass or pyrex having an exceptionally 
strong double refraction and to examine these under X-rays, ui comparison 
with the parts apparently isotropic. 1 have not been able to go into this, 
owing to lack of facilities, and preoccupation with quite other problems. 

I wish to express my thanks to Lady Riicker for the loan of the large mcol 
prisms used, and to my assistant, Mr. R. Thompson, for efficient help m 
carrying out the experiments. 


Summary. 

The weak doubly refracting structure of a quasi-crystalline nature formerly 
foimd in pure silica glass occurs also in highly siliceous glasses down to 80 per 
cent, silica content. It occurs likewise in phosphatic glasses such as “ corex ” 
and m boracic glasses such as fused borax and fused boric oxide. 

* Randall, Rooks by andCoopci, * Z Kiistillog.’ vol 75, p 198 (1930), also » Trans Soc 
GUhs Technology,* vol. 14, p. 219 (1930), 
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On Protetn Monolayers . 

By A H. Hughes and E. K. Rideal, F.R.S. 

(Received March IT, 1932 ) 

[Plate 4.| 

Part I. 

General Characteristics and the Behaviour of Ghadin. 

In recent years examination by means of the X-rays, expecially m the hands 
of Meyer and Mark,* and of Astbury.f and Bernal, j has gone far to elucidate 
the structure of natural proteins existing m the filamentous form. Other 
important natural proteins occur as membranes, which, in many cases at least, 
are apparently so thin that one is led to suspect that they might be true films 
or monolayers. It appeared desirable to attempt an examination of the pro¬ 
perties of very thin artificially prepared protein films. 

Before any attempt can be made to elucidate the structure of such layers 
and to compute the thickness of a film from experimental data on the weight 
per square centimetre and the bulk density, it is necessary to ensure both the 
uniformity and continuity of the film undeT observation. One might suppose 
that a true uniform protein monolayer would exist with a thickness as low as 
4 A , which is the lesser dimension as determined by means of the X-rays of 
the cross section of a simple polypeptide chain. Further, m the compression 
of films of long chain hydrocarbon molecules with polar heads, transitions 
of state in the two dimensions art' observable : vaporous, liquid and solid 
films being readily identified. It is improbable that such will be obtained 
with protein films, for with the extremely long polypeptide chain extended on 
the surface a vapour liquid transition would be difficult to detect. Moreover, 
the solid form, if such is formed, on account of the hydrophilic character of the 
chain, would be expected to possess properties entirely different from the solid 
form of the non-polar hydrocarbon chain con taming molecules where we may 
consider that a two-dimensional microcrystalline structure results. Two 
methods of quantitative examination present themselves : the force area 

* “ Der Aufbuu der Hoehpolymoren Organischen Naturstoffc " (1930^. 
t ‘ Nature,’ vul. 12tt, p. 913 (1930), vol. 127, p. 003 (1930). 

% ‘ z Kr\ at&llog.,’ vol. 78, p. 363 (1931), 
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method devised by Langmuir and applied extensively by N. K. Adam,* and 
the method of surface potentials developed by Schulman and Rideal.f Informa¬ 
tion on the nature and change m the packing or configuration of the surface 
layer is obtainable by the former, and the uniformity of the film as well as the 
change in configuration, involving an alteration in the magnitude of the 
vertical component of the electnc moment of the polur groups can be investi¬ 
gated by the latter method 

The earliest method for forming thin protein films was to allow the protein 
to arrive at the surface from the bulk of the liquid. Du Nouyf and Hercik§ 
have attempted to obtain quantitative estimation of the thickness of the 
adsorbed layer from surface tension measurements. The magnitude of the 
values obtained, 30 -40 A , casts some doubt on the assumptions made as to 
the complete removal of the protein from the bulk phase, as well as the extent 
of adsorption on the walls of the vessel 

Wu and Ling,|| from an examination of the rate of coagulation at the surface 
of solutions of proteins by shaking, concluded that the thickness of an albumen 
him was 34 A. This coagulation of proteins at the interface, or the separation 
in a solid, insoluble or k< denatured ” form has been observed by numerous 
investigators, notably by Ramsden^I and by Robertson,** and there can be 
little doubt that membranes of considerable thickness may be formed m this 
manner. The second method of obtaining films of the proteins consists in 
dispersing the protein in water or dilute alkali and dropping a small quantity 
on the surface of the liquid, a method employed by L)evaux,ft Metcalf,^ and 
by Keenan §§ Devaux obtained from the maximum spreading areas computed 
thicknesses for albumen, peptone and casein of from 30-80 A. Metcalf obtained 
30 A as the minimum thickness of a solid film of peptone whilst, Keenan 
obtained for gelatine on mercury at 4*8 a thickness of only 7-5 A. 

Gorter and Grendel|]|| replaced the method of computing the film thickness 
from the maximum spreading area by examination of the force area character- 

* “ The Pintucs and Chemistry of Surfaces ” (1930) 
t ‘ J*roc. Roy. Soo.,’ A, vol 130, p. 259 (1931) 

{ Surface Equilibria of Biological and Organic Colloids ” (1929). 

§ 1 Kolioidzseln,’ vol. 56, p. 2 (1931). 
i ‘ Chinese J. Physiol vol 1, p 407 (1927) 

1| 1 Froc. Roy. Soc.,’ A, vol 72, p. 156 (1903) 

** “ Physical Chemistry of the Proteins ” (1918). 
tf ‘ J- Physique,’ vol 3 p. 450 (1904) 

It ‘ Z. phys. Ohem.,’ vol. 52, p. I (1905) 

S»§ * '!• ph\s. Chem ,* vol. 33, p 371 (1929). 

|l | * Proc. Acad Sei. Amst,’ vol. 29, p 371 (1926), 1 Biochem. Z ,* vol 201 p 391 (1928). 
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jstics of films spread iu this manner on water and buffer solutions, in a Langmuir 
trough. Their values for thicknesses of various protems extrapolated to zero 
compression vary from 10 A. to 300 A., whilst gelatine appears to give still 
thicker films. 

Their values for the limiting molecular areas for the fatty acids spread in a 
ftiynilur manner from dilute solutions of caustic soda are much lower than the 
generally accepted minimum of 20*5 A . 2 on the same substrates (in some cases 
as low as 4 A a ). It is reasonable to assume, as indeed was observed by these 
investigators, that the material initially in the form of colloidal micelles may 
take a long time to become homogeneous, and at the same time with some 
proteins, solution may take place. The film under examination is, therefore, 
composite and far from homogeneous. 

Zocher and Stiebel* have applied their technique of dark field ultra- 
microscopy to examine various protein films. Serum proteins spread by Gorter 
and Grendels method revealed the presence of solid films which showed 
mhomogeneity, whilst Spiererf has examined by a similar method naked films of 
albumen sol containing 2*5 per cent, glycerine. Definite signs of stratification 
were observed, which hfe interprets as due to elementary lamellse of protein 
micelles with a thickness of 20-30 A. 


Experimental. 

Apart from objections already mentioned to the use of solutions of protems 
in water or dilute caustic soda for spreading films, the possibility of actual 
hydrolysis of the protein renders this method unsuitable for obtaining films, 
and attempts were made to form them by the direct spreading of the protein. 
It was noticed that when a particle of solid precipitated egg albumen was 
placed on the surface of an aqueous solution, it spread to a thin film with great 
rapidity. Examination of various proteins by this method revealed that whilst 
some, like keratin, would not spread at all, and others, like gelatine, spread but 
formed readily soluble films, a number spread uniformly to form films which 
were quite stable. To examine the resultant film quantitatively, it was 
necessary to devise a means of weighing the minute protein particle. This 
was achieved by a simple modified form of Nernst microbalance, fig. 1. 

The microbalancc consisted of a thiqr fused quartz fibre AB, about 25 cm. 
long, sealed with hard picene wax into a 

* * Z. phys. Chei^ 4 vc 

T * \ ‘ Kolkndawhr/yol. 55, p. 36 (1931). 


protecting glass tube. The free end is 


l.?47 . p. 401 (1930). 
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bent at right angles and protrudes a short distance through a hole in the tube. 
The tube is clamped horizontally and the end of the horizontal portion of the 
fibre is observed against a vertical scale in the eye-piece of a microscope of 
magnification 10. 

Two instruments were constructed with sensitivities respectively at 6 a 6.10~ 6 
and 3-4.10“ 6 gm. per eye-piece division, legible to 0*2 division. 

The instrument was calibrated with reference to myristic acid which spreads 
spontaneously to a uni molecular film. A small crystal of the acid is melted 
on to the tip of the quartz fibre and the scale reading of the fibre is taken. The 




Fig. 1. 


tip is then held in the surface of N/100 HC1 contained in a Langmuir trough 
when the film is allowed to spread to a surface pressure of about 0*5 dyne per 
centimetre. The film is now compressed and both the force area curve as 
well as the surface potential area curve determined. Comparison with the 
values established on this substrate by the two methods by Adam and by 
Schulman and Rideal respectively, gives directly the weight of myristic acid 
on the surface, and this is compared with the change in deflection observed on 
the microscope scale. 

These two independent methods of calibration gave close agreement, as is 
observable in the following experimental data. 


Table. 


Tempera¬ 

ture. 

Balance, 
diva. x. 

Film area 
a. sq. cm. 

Surface pressure 
or potential. 

Aroa/mol. 

A sq A. 

a/Ax. 

Gm./division 
(o/Ax) 3 76. 10*** 

°fc. 

13*0 

5 6 

473 

0*2 dyne 

48 0 

1 *T4 

6 6.10“* 

10*6 

4-8 

320 

260 mv. 

38-0 

1 76 

6*6.10-* 


In spreading the protein the tip of the fibre is first coated with paraffin 
wax (m.p. ca. 26° C.), then dipped into the protein ; surplus protein blown away 
and the deflection recorded. It was found advisable to use small quantities 
of protein, for with large amounts on the fibre, results were sometimes obtained 
showing deviations which could only be interpreted as duo to minute particles 
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of protein which had spread too rapidly, becoming embedded in the remainder 
of the film and failing to reach equilibrium in the duration of the experiment. 

The surface pressures of the films so obtained were measured with a Langmuir 
trough of Adam's type having a single torsion wire and reading to 0-2 dyne 
per centimetre, whilst the surface potentials were measured with an apparatus 
of the type doscnbed by Schulman and Rideal, modified in respect to the 
polonium coated wire which serves as an air electrode. Originally this electrode 
was fixed over the surface of the liquid; but in the apparatus used in these 
experiments it was attached to an arm which moved over a plate parallel to 
the surface of the liquid By this means the surface potential over the whole 
area of the liquid can be explored, and the homogeneity of the film tested. 

Preliminary experiments revealed the fact that the protems gliadin, glutenm 
and egg albumen spread spontaneously on N/100 HC1 at 20° C., glutenin more 
slowly than tho other two. The film at first was perfectly fluid, but as more 
protein is added the rate of spreading decreases and equilibrium is finally 
reached with a definitely solid film. These solid films are quite different m 
character from those of the long chain aliphatic substances such as palmitic 
acid. They exhibit a peculiar gelatinous appearance and are remarkable 
both for their compressibility and elasticity. These gelatinous films appear, 
in respect to their mechanical properties at least, to be the two-dimensional 
analogue of the three-dimensional rigid elastic systems usually termed gels 
as formed by gelatine and water, and provisionally we may refer to this type 
of film as a gel. There is no sharp boundary between the liquid and 
gelatinous film. Some observations made on the two-dimensional sol-gel 
transformation as effected by pressure will be given later. 

Some points of interest are presented by a study of the collapse of these 
films under high compression, by means of the dark-field ultramicroscope of 
Zocher and Sticbel.* These workers have described the various characteristic 
phenomena of collapse m films of various types, including those of long chain 
aliphatic compounds and those of serum albumen and globulin, casein and 
haemoglobin. These proteins were sproad by the method of Gorter and Grcndel, 
and while the latter two on N/10 HC1 gave completely homogeneous films, for 
the serum proteins it was difficult to decide whether the films were truly 
homogeneous. 

The protein films here examined (gliadin* egg albumen and glutenin), spread 
directly from the solid, appeared clear under the microscope, apart from the 


* 1 Z. phys. Chem.,’ A, vol. 147, p. 401 (1930). 
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usual dust specks which it seems impossible to eliminate. This, however, is 
not in itself evidence of homogeneity. A “ point structure ” of colloidal 
particles such as is seen clearly on compression of a film of, say, myristic acid, 
might well exist in the case of the protem and yet remain invisible on account 
of the small difference m refractive index between a highly solvated protein 
particle and the substrate. 

The accompanying microphotographs illustrate tho difference m structure 
of a film of a typical long chain aliphatic compound (palmitic acid) and of a 
protein film (egg albumen), as shown by the collapse under high compression 

The photographs, figs. 6 and 7, Plate 4, arc of a film which has boon com¬ 
pressed until definite strain lines appeared under the microscope and then 
slightly expanded. The very long folds visible in the case of egg albumen are 
typical of the protein films examined, and retain their longitudinal continuity 
on expansion, being only partially reversible The lines appearing in the case 
of palmitic acid (in both cases the lines are perpendicular to the direction of 
compression) are formed by the aggregation of a “ point structure ” and on 
expansion break up, fig. 7, Plate 4, revealing their microcrystallme character. 


The Behaviour of Ghadm. 

Gliadin was chosen as the first protein for investigation, for not only does it 
spread readily and smoothly, but it yields relatively simple products on hydro¬ 
lysis, revealing as much as 44 per cent, of glutamic acid and some 13 per cent, 
of proline, a fact of great assistance m the analysis of the results. 

We are indebted to Dr. Fisher, of the Flour Millers' Research Association, for 
a sample of gliadin, the method of extraction performed by Dr. Halton being 
as follows. 

Flour gluten was extracted several times with 70 per cent, alcohol so as to 
remove the larger part of tho gliadin. It was then stirred into 0-2 per cent, 
potassium hydroxide solution and the protem precipitated from the solution 
by neutralisation with caustic potash. The precipitated protein was then 
extracted with 70 per cent, alcohol and the process repeated on the gluten 
several times. The gliadin obtained in this way was unaffected by contact 
with the alkali, for samples obtained by simple extraction and by this method 
possessed the same optical rotation. 

The alcoholic solution of gliadin was evaporated under reduced pressure to 
remove the alcohol and the concentrated solution was poured into distilled 
water containing 10 gm. per litre of sodium chloride. The separated gliadin 
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was washed with distilled water and dissolved in 70 per cent, alcohol. The 
alcoholic solution was filtered, concentrated by evaporation under reduced 
pressure and again poured into 1 per cent, sodium chloride solution. The 
gliadm was redissolved in 70 per cent, alcohol, the solution concentrated and 
poured into absolute alcohol. The separated gliadm was dissolved in 70 per 
cent, alcohol, the solution concentrated and the gliadm precipitated by pouring 
into a mixture of alcohol and ether. The gliadin was finally washed with 
absolute alcohol and then ether. The isoelectric point of gliadin is given by 
Tague as p u 6•5,* and more recently by Kondo and Hayashi,t to be between 
p n 6-41-6 *59 and the molecular weight from analysis and from its combining 
capacity is given by CohnJ to be 20,700; presumably it is to be classified 
with Svedberg’s first group of true proteins (MW 34,500) The moisture 
content was determined by the method recommended by Astbury and by 
Denham, namely, drying in dry air at 110° C. until of constant weight. The 
analytical data are given below : — 

Weight taken . . 0-2505 gm. 

Final loss of weight 0-0265 gm. 

Per cent, moisture 10-6 

The protein was spread on three substrates N/100 HC1, N/100 NaOH and a 
phosphate buffer of p H 5-9, prepared according to the directions of Clark§ 
with an M/15 mixture of KH a P0 4 and Na a HP0 4 

The rate of spreading on the buffer solution was found to be slower than on 
cither of the two former solutions. 

The compressibility curves on these substrates are shown in fig. 2, where F, 
the force in dynes per centimetre, is plotted against y, the weight of dry protein 
in grams per cm. 2 . This procedure avoids any questionable assumptions 
as to either the molecular weight or density of the protein m the surface film. 

Compressibility Curves . 

For comparison, curves are included derived from the experimental data of 
Gortcr and Grendel for gliadm on N/100 and N/10 HC1, obtained by the 
spreading from an aqueous dispersion of the protein. The probable lack of 
homogeneity in films of tins character has already been mentioned. The 

♦ * J. Amer, Chem. Soo.,’ vol. 47, p. 418 (1925). 

t 4 Mem. Coll. Agno. Kyoto Imp. Umv./ vol. 11, p. 1 (1931). 

J • Phys. Rev./ vol. 5, p. 377 (1925). 

§ " The Determination of Hydrogen Ions,** p, 203, 3rd Edn. 
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presence of protein in the system in any other form than that of the monolayer 
(either in bulk solution or as unspread colloidal micelle), will cause the observed 
values of the surface pressure to be proportionately smaller for a given estimated 
weight per square centimetre of protein. This is the probable explanation of 
the deviations observed along the curves shown. 

The results here obtained show that a surface pressure (0*2 dyne/cm.) is 
first noticed with y = 9*36.10“ 7 gm./sq. cm., while the slope of the curve 
increases to a maximum at 0 * 7 10~ 7 gm./sq. cm. under a pressure of 2 dynes/cm. 
This slope is maintained up to about 13 dynes/cm. and y — 1*6.10 “ 7 gin./ 
sq. cm. By rapid compression the linear increase continued to still higher 
pressures, up to 22 dynes/cm and y = 2*4.10~ 7 gm./sq. cm.; but over this 
latter range the film is definitely metastablc and the pressures show a slow 
decrease to a more stable value. Thu film becomes gelatinous from about 
y = 1*6-1 *8 . ID -7 gm./sq. cm. under a pressure of about 15 dynes/cm. The 
final equilibrium pressure is reached at about 22 dynes/cm. The equilibrium 
pressure, obtained by placing excess of protein on the surface, is, however, 
only about 16 dynes/cm , so that the surface spreading pressure of the sub¬ 
stance is sufficient for it ]ust to reach the gelatinous form but not enough to 
cause any compression of the gel It is doubtful whether the equilibrium 
spreading pressure of 16 dynes/cni. is strictly comparable to the values obtained 
for the crystal equilibrium pressures of, say, the fatty acids, for in the case of 
the protein the small particles not only undergo surface solution but also imbibe 
water after equilibrium is attained with the film. A comparison must be 
sought with a swelling or imbition pressure rather than with a surface solu¬ 
bility. This process of imbition can be followed in the dark field ultramicro- 
scope, as the change in the refractive index of the particle during the process 
is quite marked 

()n the dilute caustic soda solution, a similar curve is obtained, but the 
change to a gel occurs at a lower pressure range than on the acid substrate, 
namely from 13-15 dynes whilst the linear relation holds over a longer range of 
pressure, up to about 30 dynes/cm. in tho metastable film, falling to a limit 
pressure of about 27 dynes/cm. on waiting 

On the phosphate buffer solution, the rate of spreading of the protein is 
slower. No sensible pressure is reached until y reaches about 0*6,10“ 7 
gm./sq. cm. and the initial portion of smaller slope has nearly vanished. Prom 
0*7.10" 7 to 3*0.10“ 7 gm./om. a a straight lino is obtained with the same slope 
as for the curve on caustic soda, but less than the slope on the acid substrate. 
Gelation takes place at a noticeably lower pressure, 12-14 dynes from 



70 


A. H. Hughes and E. K. Rideal. 


Y = 1*4-1 *8.10~ 7 gm./cm. a . The pressure in the metastable region of the 
film may rise to 36 dynes or more by rapid compression but the final equilibrium 
pressure is about 26 dynes. 

The values obtained for the change m surface potential (AV) caused by the 
presence of films of the protein on the various substrates are also shown in 
the curves, fig. 2. As absciss® the values of y in gm./cm.* are given as in the 
compressibility curves, together with the approximate mean thickness of the 
film based upon a density of 1 • 33 for the protein. 



Fig. 2.—Potential y curve®. 



On the acid substrate, fluctuating values for the surface potential are 
obtained, indicative of anon-uniform film untily roaches 0*36.10~ 7 gm./sq. cm. 
with a surface potential change of AV =130 rav. Further compression gives a 
Imear increase of potential up to about 250 mv. and 0-7.10“ 7 gra./sq. cm., 
the film still being perfectly fluid. 

The slope of the curve then gradually decreases and gelation sets m, the 
potential tending slowly to a maximum value of some 460 mv. with y rising 
to over 6.10" 7 gm./sq. cm 

The linear portion of the curve is reversible on expansion, but above this 
region expansion produces a fall of potential below the compression curve. 
On waiting the potential rises more or less to its original value according to the 
extent of the compression of the film into the gelatinous region and the time 
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that it has been left in that region—the higher the pressure and the larger the 
interval before expansion the less the recovery of the potential. 

On the alkaline substrate the values of the surface potentials and also the 
slope of the curve are considerably smaller than on the acid. Fluctuating 
potentials are obtained up to 75 mv,, again ceasing at about 0*36.10~ 7 
gm./cm. 2 . On compression a steady reversible linear graph is obtained up 
to 160 mv. and y = 0-7.10“ 7 gm./cm 2 . The curve then bends away as 
before to a limit value of some 240 mv. at 4 *0-5 -0.10" 7 gra./sq. cm. Gelation 
sets in from y = 1* 6-2-0.10~ 7 gm /sq. cm. 

On the phosphate buffer, as usual at low values for y, fluctuating potentials 
are obtained but they extend to a larger weight per square centimetre— 
0-6.10“ 7 gm./sq. cm at 190 mv.—than in either of the previous cases, the 
uniform film obtamed on the other substrates from y 0*36.10~ 7 being 
absent up to y = 0-60 .10~ 7 gm./sq. cm. 

On compression, the value of AV rapidly attains a maximum. The film 
gelatinises, at a lower surface pressure than on the other substrates, over the 
range y ™ 1 -5-1*7 . 10“ 7 at about 320 mv and reaches a final limit value of 
360 mv. With the buffer not only is the rate of surface solution slow, but there 
is definite indication that there is less tendency to expansion of the film. The 
mutual cohesion of the polypeptide chains has in this case, near the isoelectric 
point, a greater influence on the character of the film than the adhesion to the 
surface, which has been reduced to a minimum. 


Discussion of the Results 

Both on N/100 HOI and on N/100 NaOH definitely homogeneous films of 
gliadin can be obtained with a surface concentration as low as 0*36.10“ 7 
gm./sq, cm. of surface or about 3 A. in thickness. In this state it gives rise 
to an increase of the air/liquid surface potential of some 130 mv. on N/100 HC1 
and 70 mv. on N/100 NaOH, the value altering with the nature of the sub¬ 
strate. At approximately the same surface concentration as that at which 
we obtain a uniform protein film over the whole surface, we obtain, as would 
be expectod by the closmg up of the film, the first noticeable film pressure— 
a prossurc of more than 0-2 dyne/cm., the limit of sensitivity of the apparatus. 

If a truly molecularly dispersed “ vapour ” film exists at all, its vapour 
pressure must be extremely small. 

In the range 0*36-4)-7.10~ 7 gm./sq. cm. on the acid and on the alkaline 
subBtrate we observe a sharp linear increase m potential, but the concomitant 
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pressures are small. The film is readily compressible up to 2-0 dynes/cm. 
on the acid and to 1 *fi dynes/cm. on the alkali, as shown by the initial portion 
of lesser slope. The electric moment per gram as measured by dAV/dy 
is approximately constant. Beyond this range we are dealing with a somewhat 
different type of film in which a change is occurring in the polar groups, for 
dAV/dy begins to decrease steadily, indicating a fall in the vertical component 
of the electric moment. At the same time the pressure increases sharply 
in a linear manner up to the point where the interesting phenomenon of 
gelation sots in, about y = 1 *5 . 10” 7 gm./sq. cm. (approximate film thickness 
11-12 A.U.). Above this region the rise of pressure becomes dependent on 
the rate of compression of the film. Rapid compression gives a continuation 
of the linear pressure increase, but the pressure will fall away slightly to a 
stable value which is obtainable on slower compression of the film. 

If we assume for gliadin the general type of chain suggested by Fischer, we 
may suppose the probable fundamental structure of the protein to be constituted 
of a reduplicated basic unit:— 

H 

/ 

II R 

0 

where the side chain R differs along the primary chain and gives rise on hydro¬ 
lysis of the protein to different amino-acids. We have seen that gliadin yields 
on hydrolysis about 44 per cent, glutamic acid, 13 per cent, proline and about 
10 per cent amino acids where R is definitely non-polar. Whether the pyrro¬ 
lidine nucleus exists as such in the protein, or is formed by subsequent con¬ 
densation on hydrolysis is uncertain. We may provisionally regard the side 
chaws of gliadin as consisting largely of the glutamyl residue — CH a ~CH a 
—COOH with its free carboxyl group, alternating now and then with the 
non-polar group — CH a — CH a — CH 3 . There are smaller quantities of side 
chains such as lysyl and argmyl, containing the — NH a group. A review of 
the hydrolysis products shows moreover that the mean length of side chain 
is three carbon atoms, with free acid groups preponderating over the combined 
non-polar and basic groups. 

It is reasonable to suppose that in a film the position of mmimum potential 
energy will be found when the whole structure is lying flat on the surface, the 
main anchorage being provided by the strongly polar free —COOH and — NH a 
groups, and to a lesser extent by the —CO —NH— peptide unions. The 
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relatively non-polar side chains will also lie flat on the surfaoe if given oppor¬ 
tunity. 

We thus obtain as our first picture fig. 3, that of the fully “ expanded ” 
protein. 

It is at this point that a surface pressure will first be obtained due to the 
contact of the side chains of neighbouring primary chains. From the mass of 
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Fiq. 3.—Gliodin, State I, Expanded Film 


the basic unit —CO —NH —CHR— and its known dimensions, we can calcu¬ 
late to what value of y such a structure corresponds. 

Thus, if we consider the maximum and minimunTmass corresponding to a 
side chain of three carbon atoms, we have 

(i) R ~ -CH 3 -CH a -COOH, 00. NH. CHR - 129 
(li) R - -CH a -CH 2 —(TH 3 , CO . NH. CHR = 99 / 

Referring to fig. 3, the area per imit CO . NH . CHR is 16 X 3*5 sq. A, These 
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values are obtained from the X-ray data of Meyer and Mark (hoc. cit.) 9 
who give 3*6 A. for the spacing 

C0 X yCHR v 

NI V N C0 

3*6 

along a polypeptide cham, together with the value 2-64 A. for a hydrocarbon 
zig-zag. The minimum closeness of approach of the sido chains in this state 
is taken as 4*5 A. provisionally, being based upon an extrapolation from the 
X-ray data on the crystalline fatty acids 
Calculating y in gm./sq. cm. for this packing, we have 


Y —---= 0*38.10” 7 gm./sq. cm. 

f 6*06 10 23 X 16 X 3*6 X 10’ 16 - h 1 4 


6*06.10 23 X 16 X 3*5 X 10-» 


— 0*29.10- 7 gm./sq. cm 


R = 129, 
R — 99. 


These extreme values dependent on the nature of the side chain are m agree¬ 
ment with the observed point at which we first obtain a homogeneous film on 
acid and on alkali, namely, 0*36.10~ 7 gm./cm.*. 

The surface potential can be expressed in the form 

AV = 4tc np, + AV U , 

where n is the number of dipoles per square centimetre of vertical component 
IA, and AV U is the change of potential in the surface of the substrate due to 
the presence of the film. 

The chief sources of potential in the film itself are the dipoles of the free 
—COOH and — NH a groups, and presumably of the peptide linkages —CO 
—NH— , but it is clearly impossible as yet to assign definite respective values 
to these groups. The 3ign of AV for the proteins is, however, the same as for 
a film of a fatty acid or an amino. The values of dAV/dy which are pro¬ 
portional to the electric moment per gram of gliadin in the film can be expressed 
in terms of the moment per —CO . NH. CHR protein unit. The values of 
this moment, together with the values of AV U are given in the following table, 
and refer to the liquid “ expanded ” film, where the moment remains constant. 
The mean value is taken of the two cases where R is — CH 2 CH 8 COOH or 

ch,ch 2 ch 8 . 

The order of magnitude of the derived moment per unit is that of the —COOH 
group in the liquid condensed films of myristic or palmitic acids (1*6.10" w 
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Substrate 

ddV 

Dipole moment 

4V, 
in milln 

dy 

per CO . NH. CHR 
e.s.u. x 10 ,# . 

N/100 HC1 

320 

1*0 

15 

N/100 NaOH 

230 

12 < 

-20 

Phosphate buffer 5 9 

280 

1 4 

- 5 


e.s.u.). It is of interest that an acidic group is giving a marked contribution 
to the resulting moment of the protein in view of the reduction of the moment 
on the alkaline substrate. 

On compression of the “ expanded ” protein film, fig. 3, we might anticipate 
that the primary chains would close in laterally as far as possible, giving a 


A 


.s* 


'CO 




CH 3 

ZHi 

ch 2 

,CH 




; b 


NH 


CO 


CH 2 

o\ 

H 


Hv 

v 

\ 

CH 2 

/ 

ch 2 
\ 


'CH / 
/ 

ch 2 

ch 2 

4 

H 


CO, 


NH CH / CO n ,! 
^ ICO NH CH 


/ H 

°N ° 

C 

\ 

CH 

/ 

ch 2 

NH 


6,258 




/ 
ch 2 
\ 

ch 2 

/ 

CH 3 

Fiq. 4.—Ghadin, Stato IT, Condensed Film. 


close packed film in state II, fig. 4, with the side chains still lying flat on the 
surface. 

The value of y correspondmg to this packing may be calculated as before 
and gives y = 0*74.10“ 7 and 0*56.10~ 7 gm./cm 2 for the probable side 
chains considered in the previous case. These values agree very well with the 
observed point about 0*7.10~ 7 gm./cm. 2 where the slope on the F/y curves 
reaches a maximum, and the linear portion on the AV, y curves of constant 
moment (\i = constant) ceases. 
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Compression beyond this point must mean some drastic alteration in the 
film structure, since it is now a close packed monolayer. We find indeed that 
compression gives us a noteworthy change in the AV/y graph, while it is in the 
same region that we observe gelation of the film, hitherto perfectly mobile. 
On the hypothesis outlined above, the most likely occurrence will be the tilting 
of the side chains out of the surface. Whether they tilt above into the air or 
below into the liquid will be decided by the stereochemical considerations as 
well as by the nature of the side chain, those terminating in polar heads tilting 
downwards and non-polar chains upwards. We have indeed found that the 
air exposed surfaces of gels formed m this manner possess hydrophobic 
characteristics, an account of which will be given later. In no case is an 
impossible expenditure of work called for in view of the very rapid rise in the 
surface pressure at this juncture. 

Thus we finally reach the third type of film. 
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Via 5.—Glindin, State III, Gel Film. 


This is still a monolayer with respect to the primary peptide chains, but with 
a much larger mean thickness than the first two states, namely, about 12 A. 

We might anticipate that such a film would exhibit rigidity due not only to 
the mutual attraction of the primary peptide chains which are in close proximity, 
but also from the adhesion of the now vertically dose-packed carbon side chains. 

If we suppose that the interval between adjacent polypeptide chains in the 
surface is of the order of 4*5 A in this third type of film, a reasonable sup¬ 
position on the basis of the X-ray data, then the corresponding value of y 
calculated as before lies between 1-35 and 1-03 X 10“ 7 gm /cm. a according 
to the nature of the side chain. The formation of the gelatinous film as observed 
by the motion of talc on the surface sets in at about 1-5 X 10^ 7 gm./cm. a . 

How far it is possible for the primary peptide chains to approach closer than 
about 4*5 A., still retaining the monolayer, it is difficult to say. Further 
compression of the solid film may cause rupture, in the form of long folds as 
observed in the dark field ultramicroscope. It is, however, conceivable that 
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we may be causing further interaction between adjacent peptide groups with 
the formation even of chemical linkage by secondary valencies. 

Thus we observe that once this compact film has been formed and main¬ 
tained under compression for a time, the film becomes definitely irreversible 
on expansion with respect both to surface potential and to pressure. This 
phenomenon may be akin to the phenomenon of denaturation, but there is no 
reason to suppose, as do some writers, that all protein films are ipso facto 
“ denatured,” although we see here that some definite process of association 
occurs on maintaining the film under compression. 

Summary. 

(1) A general review is given of methods hitherto employed in the production 
and examination of thin films of proteins at liquid surfaces 

(2) It is shown that films obtained by these methods arc probably inhomo¬ 
geneous 

(3) A new method is described in which the film is spread directly from the 
solid protein on to the surface. The weight of protein in the film thus produced 
is measured on a simple micro-balance (with an error of 1*5 per cent, on 
10~ 4 gm.). 

(4) These films have been examined quantitatively by the methods of surface 
pressures and of surface potentials, and qualitatively by means of the dark 
field ultramioroscope. 

(5) It is shown that for gliadin, the first protein studied in detail, homogeneous 
films can be obtained with a thickness as low as 3 A. Compression of the film 
is accompanied by a change from a liquid film to a gelatinous film, and this 
transition is reflected m the electrical as well as the mechanical properties of 
the film. The films have been examined on N/100 HC1, N/100 NaOH and on 
a phosphate buffer, p B 5 *9. 

(6) In the light of recent X-ray data on proteins and allied compounds it. 
is possible to assign a general structure to the protein film in its various stages 
of compression, on the supposition that the basic polypeptide chains of the 
protein are stretched out flat on the surface of the liquid in the most expanded 
state of the film. On compression, the side-chains to the main polypeptide 
chain are forced out of the surface, this change being associated with the 
gelation of the film The observed values of the weight of protein per square 
centimetre of surface agree well with those calculated from the known dimen¬ 
sions of a —CO—NH—CHR— polypeptide unit. 
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By Harold Jeffreys, M.A., D.Sc., F.R.S., Reader in Geophysics, University 

of Cambridge. 

(Received March 30, 1932.) 

1. It is widely felt that any method of rejecting observations with large 
deviations from the mean is open to some suspicion. Suppose that by some 
criterion, such as Peirce's and Chauvenet’s,* we decide to reject observations 
with deviations greater than 4 cr, where a is the standard error, computed from 
the standard deviation by the usual rule , then we reject an observation 
deviating by 4*5 a, and thereby alter the mean by about 4*5 o/w, where n is 
the number of observations, and at the same time we reduce the computed 
standard error. This may load to the rejection of another observation deviating 
from the original mean by less than 4 <y, and if the process is repeated the mean 
may bo shifted so much as to lead to doubt as to whether it is really sufficiently 
representative of the observations 

In many cases, where we suspect that some abnormal cause has affected a 
fraction of tho observations, there is a legitimate doubt as to whether it has 
affected a particular observation. Suppose that we have 50 observations. 
Then there is an even chance, according to the normal law, of a deviation 
exceeding 2*33 c. But a deviation of 3 a or more is not impossible, and if we 
make a mistake in rejecting it the mean of the remainder is not the most 
probable value. On tho other hand, an observation deviating by only 2 a 
may be affected by an abnormal cause of error, and then we should err in 
retaining it, even though no existing rule will instruct us to reject such an 
observation. It seems clear that the probability that a given observation has 
been affected by an abnormal cause of error is a continuous function of the 
deviation; it is never certam or impossible that it has been so affected, and 
a process that completely rejects certam observations, while retaining with full 
weight others with comparable deviations, possibly in the opposite direction, 
is unsatisfactory in principle. 

2. The question has arisen in the treatment of scismological observations,! 
though it is obviously of much wider application. The time of arrival of a 
given wave may normally have a standard error of order 7 seconds, arising 

* Chauvenet, “ Spherical and Praotiea] Astronomy,” voL 2, pp. 558-566 (1863)* 
f Jeffreys, * Mon. Not. R. Astr. Soc.,’ Geophys. Suppl. 2, p. 329 (1931). 
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from the combination of several known causes, but about a fifth of the observa¬ 
tions are affected by an uncertainty of the order of 20 seconds, arising in most 
cases from the difficulty of identifying the exact beginning of a phase when 
microseisms are present. 

The distribution of the probability of error is therefore taken to be 

/(x r ) = (1 - m) 4- e ~ h 'H m -4~ (1) 

yn yn 

This expresses the conditions (1) that if x is the true value the probability, 
given x, that an observation will he between x r and x r + dx f is / (x r ) dx r ; (2) 
the probability that an observation will bo affected by the abnormal error is 
m t (3) the normal observations follow a normal law with modulus of precision 
h ; (4) the abnormal ones follow another normal law with modulus k y but are 
subject also to an unknown systematic error y. Our problem is to find the 
most probable value of x , and incidentally y , from a given set of observed 
values x v x a , . , x n . 

2.1. Suppose first that h, k and m are already known from previous work on 
data of the same type. Then the probability, for given x and y y of obtaining 
the observed values is proportional to 

A f(*r) f(X n )y (2) 

t— 1 

and, by the principle of inverse probability, the probability that x t y lie in 
ranges of lengths dx, dy is proportional to 

V(x,y)Uf(x r )dxdy, (3) 

where P (x, y) dx dy is the prior probability that x and y are m these ranges. 
In most practical cases this prior probability is uniformly distributed, and 
therefore P (x, y) can be treated as constant. The most probable values of 
x and y are therefore given by the two equations 

2 df(? r )/d x __ Q. ^ d^r)/dg = o. (4) 

Carrying out the differentiations and simplifying, we obtain 

E v r (x f — x) — 0 ; 2 w r (x r — x — y) = 0, (5) 

where 

tv -1 = 1 + {mk/(l — m) h) exp {A 2 (x r — x) 2 — A 2 (x r — x — y)*}, (6) 
«> r _1 = 1 + {(1 — m) hlmk} exp {A 2 (x f — x — y)* — h? (® r — ») 2 }, (7) 

v r + «V = 1. (8) 



80 


H. Jeffreys. 


Evidently (B) reduce x and x + y to weighted means of the observed values, 
the weights being continuous functions, as we expected. If either *» or k is 
zero, the most probable value of x is the arithmetic mean, while y is indeter¬ 
minate. This was to be expected, since m zero means that the abnormal source 
of error is known to be absent * while k zero, with m finite, means that the 
abnormal errors are expected to be indefinitely widely distributed, so that the 
number of them within any finite range is negligible. Again, for x r — x 
small, the second term in v f ' 1 is a small fraction, and the weight v r is nearly 1; 
but when x r — x is large this term is exponentially large, and the weight is 
insignificant. Hence the largo deviations have small weight in the deter¬ 
mination of x. On the other hand, it is the small deviations that have small 
weight in the determination of x + y. 

The actual solution of (5) will be carried out by successive approximation. 
The maximum frequency of the observed values, or a rough mean of the 
central values, may be taken as a trial value of x, and y in the first instance 
neglected m the exponents Thus we get preliminary weights v r and w r , and 
can derive weighted means for x and x -f- y. Substituting these in the exponents, 
we obtain a revised set of weights and new means ; we then repeat the process 
until the numerical values repeat themselves. 

2.11. Given (3), the probability that x lies in a given short range is pro¬ 
portional to 

n f(x,)dy. (9) 

This could be evaluated m finite terms, the integrand being a linear com¬ 
bination of exponentials, but the number of terms would be large. But we 
can obtain a compact approximation, when n is large, by puttmg 

logf(x r )=g(z f ). ( 10 ) 

We denote the values of x and y obtamed as the most probable by x 0 and y 0 . 
Then provided x — x 0 and y — y 0 are not too great, we can write 

log n/(x r ) = Z 9o (sr.) + s{(x- x 0 ) &iEr) + (y- y„) 

- {A (* — Tof -f 2B (as — *„) (y - y„) + C (y - y„) a }. (11) 

The first term does not involve x and y and is therefore irrelevant, since we 
need consider only ratios of probabilities of different values. The second 
vanishes by (4) smee the partial derivatives are evaluated at x 0 , y Q ; while 
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A, £, C are half the second derivatives of Hg (x r ) with their signs changed. 
Then F (x) is proportional to 

f l, xp [— {A (x — x 0 ) a + 2B (* — x 0 ) (y — y 0 ) + C (y — y 0 )*}] dy 

J — 00 

“ exp | - (A - ^)(x - x 0 )*| , (12) 

and the probability of the true values of x is distributed about x Q with a modulus 
of precision (A — B 2 /C)*. 

Now we see that 

- ^r) _ h 2 Z Vf (a . f r) f k 2 Swr ( Xf _ x _ y) (13) 

_ ^ *i £lPr (,,_,_ y), (14) 

and the second term in (13) makes a contribution to A equal to B. Again, 
the observations that make important contributions to (14) have w r nearly 1, 
and hence nearly 

B — C ~ A 2 i> r ; A - A 2 £r r + B, (15) 

A- B */(!=-A* 2v r (16) 

Thus the modulus of precision for x is nearly A(Eu r )*, which is less in the ratio 
(£v r /w)* than for the mean of n observations derived from a pure normal law. 
This estimate is, of course, an approximation, but it serves to show that in 
ordinary cases the values obtained are not much less precise than the arith¬ 
metic mean is when the normal law holds. 

2.12. As a specimen of the method, let us consider the residuals of the times 
of arrival of the P wave at distances near 67*5°. They are given to the nearest 
number of seconds of the form 5s + 2, where s is an integer, positive or negative. 
Wo take A = 0 * 10, corresponding to a standard deviation of 7 • 1 seconds ; 
A: = 0-02, w/(l — m) = 0-1. Our first trial values are x =-f-2 seconds, 
y =- 0 The resulting values of v r and w r are computed and given in the third 
and fourth columns. The resulting weighted means are x=-(-2*94, 
x + t/-- + 5-7. A new set of weights was then computed with x = -\- 3, 
x + y -- 6; they are given in the fifth and sixth columns. The resulting 
means are x = + 3*03, x + y = + 4*8. It is evident that further approxi¬ 
mation will not change x appreciably. The value obtained in an earlier 
paper was + 3*2, on the hypothesis that abnormal observations were 
equally probable in all groups, so that k ~ 0, m ~ oo , but mk was finite. 
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Number of 

Pint solution. 

Second solution. 

IwHluuUfl 

observations. 

Vf | 

V) r 

«V- 


-38 

2 

0 00 

1 00 

0 00 

100 

-33 

0 

0 00 

1 00 

0 00 

1*00 

—28 

1 

0 01 

0 99 

0 01 

0*99 

- 23 

1 

0*11 

0 80 

0 07 

0*93 

—18 

1 

0-52 

0 48 

0 43 

0 67 

-33 

2 

0 85 

0*15 

0-82 

0*18 

- 8 

10 

0 95 

0 05 

0 94 

0 06 

- 3 

32 

0 97 

0 03 

0 97 

0 03 

‘1- 2 

68 

0 98 

0 02 

0 98 

0 02 

h 7 

37 

0 97 

0 03 

0 98 

0 02 

-f 12 

14 

0 95 

0 05 

0 95 

0 05 

+ 17 

6 

0*85 

0 15 

0 88 

0 12 

f 22 

5 

0 52 

0 48 

0 58 

0 42 

+ 27 

l 

o n 

0 89 

0 14 

0 80 

+ 32 

3 

0 01 

0 99 

0 01 

0 99 

+ 37 

1 

_! 

0 00 

1 00 

0 00 

1 00 


3. The foregoing mothod is correct when A, k and m are known already, 
as from an analysis of a larger number of observations of the same type. If 
these quantities also are to be found from the observations under discussion, 
(3) must bo replaced by the statement that the probability, given the observed 
values, that x, y, A, k, m lie in given ranges of extent dx, dy t dh , dk } dm is 
proportional to 

P (x, y, A, A, m) dx dy dh dk dm 11/(x f ), (17) 

where P expresses the prior probability that x, y, A, A, m he in these ranges. 
As a rule the prior probability is uniformly distributed with regard to x and y ; 
but A and k are restricted to be positive, and m to lie between 0 and 1. There 
is reason for saying that in these circumstances* P is proportional to 1/A 
and 1 /A. The variation of P with m rests on the same kind of conditions as 
for the prior probabilities of different compositions of a complete class in the 
theory of sampling ; if we follow Laplace wc should take it independent of m t 
but in any case its form makes little difference to the final result if the number 
of observations is large, and we are satisfied that m is not exactly 0 or l.f 
Hence we take P proportional to 1/AA. As before, we replace log/(x f ) by g(x r ) 
and say that the moat probable values of the five unknowns are obtamed by 
making £y(x r ) — log (AA) stationary. Then we have again 

Ev r <x f -x) = 0 (18) 

Zw f (x r — x - y) = 0, (19) 

* Jeffreys, 41 Scientific Inference," p. 67 (1931). 

t Jeffreys, loe. cit., pp. 33, 191; J. B. 8. Haldane, 1 Proo. C&mb. Phil. Soo vol. 28, 
p. 65 (1932). 
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and also 

EtV {1 — 2A 2 (jc r — x) 2 } — 1 = 0 

{1 — 2/* 2 (j* r — jr — y) 2 } — 1—0, 
while the equation for m is 

S A exp { — A 2 ( x r — x) 2 ) — k exp { — k 2 {x r — x — y) 2 } 

(1 — m) h exp { — A 2 ( x r — x) 2 } -f m k ox p { — k 2 (x r — x — y) 2 }, 

which can be written in the forms 

m Sw r £ w r 

-— ; w = — \^f 

m 1 m 2dV r n 

To apply this method we first choose a value of A that will represent the central 
groups approximately. With x ~ -|- 2, h = 0*15, it is found that we obtain 
a fair representation of the groups from —13 to 17. In the 9 groups 
outside this range there are 15 observations. There are 16 groups in all, 
which may therefore be estimated to contain at least 27 abnormal observations. 
The total number of observations is 184, and we therefore estimate m -= 0-15. 
We now consider the observations outside the range —13 to +- 17, determine 
the sum of their squares and divide by 27 to obtain a rough standard deviation 
for the abnormal observations ; this proves to be 21 seconds, implying 
k = 0*034. This is probably an underestimate Then mk/{l — m) h = 0*04. 
Wo denote this function by (x. 

The left sides of the equations (18) to (21) and (23) were computed first with 
the set of values h — 0*15, k = 0*031, fx — 0*04, x = + 2, y = 0. Then 
in turn h was taken equal to 0 • 14, k to 0 ■ 040, and (x = 0*05. The weights are 
not very sensitive to small changes in x and y. The resulting changes m (20), 
(21) and (23) were found, and led to three simultaneous equations for the 
increments in A, k 9 fx needed to satisfy these three equations. The results 
were 

h = 0*133 ; [x — 0*10 ; k = 0*011, w = 0*24 

The change in jx is unexpectedly large ; A, m and k have all varied so as to 
increase it. It appears also that x is about + 2*5, x + y = + 6*6. 

These results were next made the basis of a further approximation, but it 
was soon found that A had been lowered too much, and accordingly the standard 
values for the next approximation were 

A = 0*145; k = 0*040; f* = 0-10, j^ + 2-0; x + y= + 7*0. 

The functions on the left of (20) and (21), and m — 23w r /», were computed 
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( 20 ) 

( 21 ) 

= 0 ( 22 ) 
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with these values, and again with, respectively, A = 0*133, 4 = 0-060, and 
I* = 0*009. These led to the further set of equations 

5-1 — 10-0 A' — 3*0 k' + 2-0 y! =0 
1-99 }-1-99 A'- 25-14 ¥ + 1-64 fx' 0 
0-0090 - 0*0020 A' — 0-0354 k' + 0-0090 fx' - 0, 

where b! = 8A/0-012 , k* = 84/0-01; (x' = 8|x/0*01, and hence to the further 
approximation 

h = 0-162 , k = 0-0417 ; {x - 0-107 ; m ^ 0-281. 

Finally the results were recomputed with these values; then it was found 
that 

Sv f {] - 2A 2 (j f - x) 2 } - 1 = 133-5 - 131-4 - l - + 1-1 
Zw r { 1 - 2 k 2 (x r - x - y) 2 }- 1 = 50-5 - 49-2 — l --- (-0 3 
m - Iwrjn - - 0-281 - 0 275 = 0-00(5. 

The solution is therefore sufficiently close. Further, the values found for 
Xv r (x r — x) and X«> r (x r — x — y) always indicated that x was within a fraction 
of + 2, and x + y close to + 7. But v r and w r are very insensitive to small 
changes in x and y, since they involve only their squares. Hence we can 
estimate x and x + y by ignoring the changes in the weights when wo give 
them their most probable values instead of the approximate ones we have used. 
Then we have 

x — 2 h ^ + 2 .23 

Sv r 

* + y = 7 + 7) - + 5-73. 

The final weights are of some intrinsic interest. If n r denotes the number 
of observations m each group, we have 


Observed value -38 -33 -28 —23 -18 -13 -8 -3 

« r . 2 0 1 1 1 2 10 32 

n r v r . 0 0 0 0 0 0-29 6-37 27-97 

n r w r . 2 0 1 1 1 1-71 3-63 4-03 

Observed value +2 +7 +12 +17 +22 +27 +32 +37 

» r . 68 37 14 6 5 1 3 1 

W .... 62-02 31-63 7-84 0-57 0000 

n*«V. 5-98 5-37 6-16 5-43 5 1 3 1 
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The values of n r w r represent roughly the number of abnormal observations in 
each group, and follow roughly a normal law with a larger scatter than that 
of the normal ones. We notice that v r is negligible in the groups at + 17 and 
+ 22 ; all the observations m this group are practically treated as abnormal, 
as a natural result of the work. It appears that previously insufficient allow¬ 
ance was made for abnormal observations, and too many were retained in 
these two groups, so that x was overestimated by nearly a second. Professor 
H. H. Turner, in a previous paper on a similar set of data, determined x by 
fitting a normal distribution to the four central groups; the results were not 
very different. 

4. While this method is correct m principle, the labour is excessive ; each 
approximation took about 6 hours’ work, usmg a Marchant calculating machine 
and the tables of Milne-Thomson and Comrio. It should, however, be possible 
to devise a shorter method that would give almost as accurate results. We 
may note that the final value of h corresponds to a standard error of 4-65 
seconds, and a standard error of the mean of 0-34 second Accordingly, the 
difference of x from +2*00 seconds is barely significant. Thus approximate 
values of h , k and m should be enough to determine x ; and k and m practically 
influence x only through the quantity jjl. If then we can estimate h and p. 
from an inspection of the data we can compute v r as if k was zero, and thereby 
obtain a; as a weighted mean, which should be close enough for all ordinary 
purposes. 

The observations discussed so far were such as to raise tho problem of the 
treatment of abnormal observations in an unusually acute form; for while 
it was clear that the smaller errors followed the normal Liw, there were so 
many abnormal ones that the computation of a standard deviation and even 
a mean would have been practically meaningless if some method of rejection 
had not been adopted. The method actually chosen was to reduce all the 
values of n r by the same amount, this being so chosen as to leave the central 
groups isolated by zeros. If the reduction is s, this is equivalent to treating 
each observation as having weight 1 — s/n r when n r > 5, and weight zero if 
w f < 8 . Actually the contribution to n r from the observations satisfying the 
normal law is statistically w 0 exp { — h*(x — x 0 ) 2 }; and if there are s abnormal 
ones in each central group 

n f =■= n 0 exp { - H 2 (x — x 0 ) 2 } + * 

1 - — = [l \ — exp { — h 2 {x — j; 0 ) 2 } | -1 , 

n r L «o J 
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which is precisely our form of v t for the case A = 0, with p replaced by s/n 0 . 
There is therefore no difference between this method and the one just suggested; 
any difference in the results arose from an underestimate of \l, 

6. When the number of abnormal observations is smaller, such methods may 
still be helpful. If only one observation deviates by more than, say, three 
times the standard deviation, we obviously cannot determine k ; for even if 
we were sure that the observation is abnormal, a single observation fixes only 
a most probable value of x + y and gives no information about the precision, 
k . Without such information we cannot infer how many observations within 
the region of considerable frequency may actually be affected by abnormal 
errors, and no progress is possible. In such circumstances, if we have no 
previous knowledge of the probability of abnormal observations, there may be 
no better course than rejection or retention according to the probability of 
a deviation of the observed magnitude, given the total number of observations 
and an approximate determination of h from the majority of the observations. 
This is essentially Chauvenet’s criterion. If, however, there are three dubious 
observations we have the means for a rough determination of k , m, and x + y, 
and the method of the present paper can be applied. If only two observations 
are in doubt, we cannot infer all of x -f- y, A, and m, but we may be able to 
estimate p and then proceed as for k — 0, but mk finite. In any case where 
the rejection of a single observation by some recognised criterion leads on 
re-application to the rejection of a further observation, we should suspect the 
presence of a number of abnormal observations with small deviations, and allow 
for them by a system of weighting. It should be noticed that with a small 
number of observations, whether normal or abnormal, the distribution of the 
prior probability of the precision constant has some influence. The assumption 
in this paper that P (A, k) was proportional to Ijhk was responsible for the unit 
terms in (20) and (21); that id (20) turned out to be practically unimportant, 
but that in (21) had an appreciable effect. 

The present method has some affinity with Peirce's criterion, a full account 
of which is given by Chauvenet. This criterion considers the possibility of a 
certain number of observations being abnormal; P, the probability of obtaining 
the whole set of observations from the normal law, is compared with P 4 , that 
of obtaining a given number of abnormal ones and at the same time the re¬ 
mainder from the normal law. If P < P lf the observations with the largest 
deviations are rejected. The probability of an abnormal observation occurring 
is m(y in Chauvenet’s notation) which is adjusted to make P z as large as possible. 
This may be the best procedure where only one observation is doubtful and we 
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have no better way of estimating m ; but a method of continuous weighting is 
needed in other cases. 

Summary. 

A method is given for dealing with sets of observations, appreciable fractions 
of which are affected by abnormal errors. The probability of an error is taken 
to be given jointly by two normal laws, one for the normal and the other for 
the abnormal errors, and a method of solution for the five unknowns is provided. 
An approximate solution may also bo obtained by a method of weighting, the 
weight of an observation being a continuous function of its deviation. 


The Oxidation of Carbon Monoxide . 

By G. Hadman, H. W. Thompson and C. N Hinshklwood, P.Tt.S. 

(Received April 1, 1932.) 

Introduction. 

Although the reaction between carbon monoxide and oxygen has long been 
the subject of experimental study, the mechanism of the process is far from 
being completely understood. Most of the earlier investigations of Dixon and 
others were concerned with the initiation and propagation of flame or detona¬ 
tion waves m mixtures of the two gases, and showed especially the important 
part which water plays in the reaction.* More recently experiments have 
been made in different laboratories! on the kinetics of the slow reaction occur¬ 
ring below the ignition temperature. From the results of these it should be 
easier to draw conclusions about the mechanism of the change than it is from 
experiments on the oxplosive combmation, but on account of the differences 
in the conditions under which the various investigations have been made, and, 
to some extent, of the divergences in the results themselves, it is still difficult 
to correlate all the available information and form a coherent theory of the 
oxidation. The lack of uniformity in some of the previous work may be 
attributed partly to variation in water content of the gases used, for, as the 

* Bone, 1 J. Chem. Soo ,* p. 346 (1931), 

t Topley, 4 Nature,* vol. 125, p. 560 (1930); Cosslett and Gamer, 4 Trans. Faraday 
Soo.,* vol. 27, p, 176 (1931). 
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experiments of Bone and Weston* have shown, the catalytic oxidation in 
presence of water and the direct combination are probably distinct and 
independent processes. 

It seemed of interest therefore to examine the problem further, investigating 
under more stnctly comparable conditions the influence on the rate of the 
slow reaction of various factors such as vessel size, and concentrations, in 
particular that of water. With this knowledge about the kinetics of the 
“ wet ” reaction it was proposed to proceed to the study of the reaction which 
can be made to take place at higher temperatures between the carefully dried 
gases. If the “ dry ” reaction is determined, as some have thought, by the 
residual traces of moisture, the kinetics must remain essentially the same as in 
the “ wet ” reaction. They appear in fact to be entirely different. This 
shows once more that the direct oxidation of dry carbon monoxide is possible. 

The primary process in the interaction of the wet gases appears to be a 
reaction between carbon monoxide and water on the wall of the vessel; the 
hydrogen produced sets up reaction chains which pass through the bulk of the 
gas and are finally broken by oxygen adsorbed on the surface. An estimate 
of the chain length can be made and gives a result of the order of a million 

The work of Semenov,f Topley ( loc. cti.) and Garner ( loc . tit.) has shown that 
in a region of relatively low pressure the reaction abruptly becomes explosive. 
What occurs is not the normal thermal explosion, which must supervene when 
the velocity of an exothermic reaction becomes too great for the conditions to 
remain isothermal, but is something analogous to the low pressure explosion 
of hydrogen and oxygen, carbon bisulphide and oxygen and other gas mixtures. 
Whether the underlying mechanism is really the same is not yet known. This 
phenomenon, which was found by Semenov with carbon monoxide and oxygen 
saturated with water vapour, we have found still to occur with the carefully 
dried gases, though the part which residual traces of water may be playing in 
it is not yet clear. 

Experimental Method . 

Since the reaction is accompanied by a change in pressure it was convenient 
to follow it statically. The experimental method was that described in detail 
in previous papers. The reaction vessel, usually of quartz, was heated in an 
electric furnace kept at a temperature constant to within a degree. It was 
connected by means of capillary tubes to gas holders and to a high vacuum 


* ‘ Proc. Roy. Soo./ A, vol. 109, pp. 176, 623 (1926). 

t Kopp, Kovalsky, Sagulin and Semenov, 1 Z phyg. Chem.,' B, vol. 6, p. 307 (1930). 
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pump. Changes in pressure were recorded by means of a mercury manometer. 
The temperature was measured by a thermocouple. Condensation of water 
was prevented by winding the capillaries with electrically heated resistance 
wire. 

Carbon monoxide was prepared by the dehydration of formic acid with 
concentrated sulphuric acid, carbon dioxide being removed by strong caustic 
potash solution. The gas was generated in an evacuated apparatus and was 
thus free from air. It was dried by passage over phosphorus pentoxide. 
Cylinder oxygen was used after it had been found to behave in all reRpects 
like the pure gas obtained by heating potassium permanganate. Water 
vapour was introduced into the reaction vessel from a small bulb of liquid 
water. The iodine vapour used in the later experiments was produced in the 
reaction vessel by decomposing isopropyl iodide. 

Of the reaction vessels used four were cylindrical quartz bulbs of different 
diameter, two were similar bulbs filled with small quartz spheres and another 
was a cylindrical quartz vessel packed with lengths of quartz tubmg. A porce¬ 
lain vessel was also used. 


The " Wet ” Reaction 

The curves m fig. 1 show the course of the reaction between carbon monoxide, 
oxygen and steam at 560° C. Curves of this kind were plotted for all the 
experiments made, and tangents drawn at the origin. In this way the influence 
of the various concentrations on the initial rate of reaction was found. 



Fig. 1.—Course of reaction with different initial oxygen concentrations. CO = 60 mm. 

HjO = 10 mm. 
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The results can be summarised approximately by saying that the rate of 
reaction is proportional to the concentrations of water and of carbon monoxide 
and inversely to the concentration of oxygen. 

Direct proportionality to the concentration of water vapour holds over the 
whole of the range investigated in the unpacked bulbs, namely, between 640° and 
620° C. and from 5 to 60 mm . Fig. 2 shows the results obtained with the 
largest of the unpacked bulbs, at 660° C. 


Temperature 560° C. CO — 50 mm. O a = 250 mm. 


Procure of steam (mm.). Initial rate (mm. per minute). 


10 

J5 

20 

25 


2 1 
3 2 
3 9 
5 2 



Fig. 2. —Influence of water oonoentration. 00 » 50 mm. 0, =■ 260 mm. 

In some of the bulbs the rate, while increasing linearly with the steam pres¬ 
sure, appeared not to approach zero for zero water concentration. This was 
specially marked in the sphere-packed vessel, and appears to be due to the 
fact that a direct oxidation proceeds concurrently with the water-catalysed 
reaction. That it is most in evidence in the sphere-packed vessel suggests 
that it takes place on the surface. In the second part of this paper it will 
be discussed in greater detail. 

Fig. 3 shows the linear relation between rate and concentration of carbon 
monoxide : the experiments were made in the largest of the unpacked bulbs 
and at 560° C. 
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Fia. 3.—Influence of o&rbon monoxide concentration. 0, = 260 mm. H t O = 10 mm. 

Similar results were found at other temperatures and m other vessels. The 
following numbers were obtamed with the second largest bulb at 600° C. 

Water = 10 mm. 0 a = 350 mm. 


Pressure of oarbon monoxide. 

Initial rate. 

mm. 1 

mm per minute. 

60 

9 

115 

19 

150 

26 

220 

67 


In the tube-packed vessel, however, the rate of reaction passes through a 
flat maximum as the pressure of carbon monoxide is increased, and then falls 
off again as shown in the following table. 


Temperature 620° C. Pressure of water = 10 mm. Oxygen = 250 mm. 


Pressure of oarbon monoxide. 

Initial rate 

mm 

mra. per minute 

60 

31 3 

100 

37 6 

160 

01 

210 

70 

270 

75 

345 

60 
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Fig. 4 shows the diminution in velocity of reaction caused by increase in 
the partial pressure of oxygen. Fig. 1 shows the same effect, which was found 
at all temperatures and in all the vessels used. The experiments from the 
results of which fig. 4 is plotted were made at 600° in one of the smaller unpacked 
bulbs. The following figures were found at 560° in the largest of the bulbs. 



Ftu. 4 — Influence of oxygen concentration. H f O — 10 mm. CO = 50 mm. 


Water = 10 mm. Carbon monoxide = 50 mm. 


Pressure of oxygon 

Initial rate. 

mm. 

mm. per minute 

350 

1 0 

250 

2-3 

150 

54 

100 

8 0 

50 

10*0 

40 

(explosion) 


The rate of reaction is very much decreased by a reduction in the dimensions 
of the vessel. For a series of four similar cylindrical silica bulbs at 600° C. 
the rates of reaction found are shown in the table on p. 93. (The 
value 45 for the greatest rate was not observed directly, but was extra¬ 
polated from a series of results for higher oxygen concentrations.) In the 
sphere-packed vessels the rate was still smaller. 
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Initial rate of reaction 

Diameter. 

for 200 mm. 0 lt 60 mm CO 


and 10 mm. H t O. 

1 

cm 

mm per minute 

7 5 

46 

4 9 

16 

3 2 

7 6 

L 8 

1 5 


Theso results can only bo explained by assuming the presence of reaction 
chains which are broken at the wall o£ the vessel. 

Since the rate of reaction is directly proportional to the concentration of 
water and of carbon monoxide, a natural hypothesis is that the chains start 
with the process CO + H a O = C0 2 + H a and that the inhibiting influence of 
oxygen is due to its power of breaking them Since the influence of vessel 
diameter shows the chains to be broken at the wall, it is here that the action 
of the oxygen must be exerted, presumably in oxidising and destroying some 
substance which would otherwise have continued the chain (e.g. t H-atoius) 
But there is another way in which oxygen might act. If the primary process 
takes place at the surface—and there is reason to believe that the water gas 
reaction at these temperatures is heterogeneous—then high concentrations of 
oxygen might “ poison ” it. The experiments described in the next section 
show that this alternative is improbable, and that the oxygen acts by breaking 
the chains at the surface rather than by “ poisoning ” the primary reaction. 

The Influence of Iodine. 

The simplest explanation of all the experiments is that the first stage in the 
oxidation is the interaction of carbon monoxide and water at the surface with 
liberation of hydrogen, which then brings about the propagation of chams. 
This idea is supported by the fact that in the region of temperature with which 
we are concerned, hydrogen combines with oxygen by a chain reaction.* The 
mechanism of this chain can easily be modified to include carbon monoxide. 
It might, for example, be supposed that hydroxyl radicles, formed by the 
union of hydrogen and oxygen, initiate the following series of changes :— 

H, 4- 0* = 20H 
OH + CO = C0 3 + H 
H + 0, 4- CO = 00, 4 OH 

* 1 Proo. Roy. Soo.,’ A, vol 118, p. 170 (1928); vol. 119, p. 691 (1928); vol. 122, p. 010 
(1929). 
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This scheme was suggested for the reaction occurring in flames by Farkas, 
Haber and Harteck on the basis of the ideas which Bonhoeffer and Haber* 
developed from considerations quite different in nature from those of the 
present paper. It must be remembered that other mechanisms have been 
suggested for the interaction of hydrogen and oxygen, and that these can be 
equally well modified to include carbon monoxide as a link in the chain. We 
have here adopted the Haber mechanism for purposes of illustration since it 
has the advantage of being the simplest to express in symbols. 

The combination of hydrogen and oxygen is very much slowed down by 
iodine, which apparently breaks the chains in the gas phase. Without knowing 
the exact cycle of changes occurring in the carbon monoxido oxidation, we 
may anticipate that, if it involves the same intermediate products as the 
hydrogen-oxygen reaction, it will also be inhibited by iodine. This antici¬ 
pation is confirmed by experiment. At 680° C., the highest temperature at 
which the rate could be measured conveniently in the largest bulb, the reaction 
in presence of small amounts of iodine was too slow to observe accurately, and 
the temperature had to be raised 100° to obtain a suitable speed. For a given 
temperature the ratio of the speeds in the presence and in the absence of 1 mm. 
iodine is of the order 1 to 100. Furthermore, the influence of vessel diameter 
on the rate largely disappears in presence of iodine : at 680° C. for oxamplo, the 
ratio of the speeds m the largest and smallest bulbs is about 3 to 1, compared 
with 30 to 1 in the absence of iodine at 600°. Thus there is clear evidence that 
wall deactivation is relatively unimportant compared with deactivation in the 
gas. 

This provides a means of distinguishing between the two possible modes 
of action of oxygen in inhibiting the reaction. If normally the retarda¬ 
tion by oxygen is due to a poisoning of the primary process, then it should 
persist even in presence of iodine ; if, on the other hand, it is due to the breaking 
of chains at the wall, then it should almost disappear when iodine is present 
to prevent most of the chains from reaching the wall at all. 

In the large unpacked vessel, with iodine, oxygen is found no longer to 
retard but actually to favour the reaction, as shown in the table below. 


* 1 Z. phye. Chem./ A, vol. 137, p. 263 (162 
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Pressure in millimetres mercury. 


Temperature. 

Iodine. 

Water. 

| Carbon 

1 monoxide 

Oxygen. 

Initial rate. 

•c. 


i 

; ] 


mm per minute. 

650 

0 4 

15 

100 

50 

1 0 


0 4 

15 

100 j 

100 

i a 


0*4 

15 

100 

200 

1 8 

680 

1 7 

22 

55 

50 

2 0 


1 7 

22 

55 

150 

3 0 


1*7 

22 

55 

200 

4 5 


1 7 

22 

55 

400 

6 8 

680 

1 7 

42 

65 

50 

2 5 


1 7 

42 

I 65 

100 

3 8 


1 7 

42 

' 65 

1 

200 

5 6 


In the smallest of the unpacked bulbs the inhibiting influence of oxygen is 
still observable at higher pressures, as shown below. This is understandable 
if we assume that a few of the chains now reach the vessel wall. 


Temperature 680° C. Iodine 1 *7 mm. Carbon monoxide 100 mm. 


Pressuie of oxygen 

Initial rate 

mm j 

mm per minute 

50 

1 0 

150 

2 5 

200 

2 5 

250 

2 4 

300 

I 8 

350 

1 2 

_ 

. 


That there should be an actual accelerating effect of oxygen in the larger 
bulb needs further explanation The oxygen evidently favours the propa¬ 
gation of the chains m the gas, in competition with the iodine which breaks 
them. The dual role of oxygen in favouring the propagation of chains in the 
gas and breaking them at the surface explains why the rates recorded in the 
above table pass through a maximum; increase in concentration beyond a 
certain limit no longer helps the chains, and then the surface retardation begins 
to predominate. There are analogous examples of chain reactions where 
the reaction velocity increases with the concentration of one of the gases at 
lower pressures and then becomes mdependent of it, for example, the photo¬ 
chemical combination of hydrogen and chlorine, where the rate, after increasing 
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with the hydrogen concentration, eventually becomes independent of it. In 
the absence of iodine, when nearly all the chains reach the wall, the surface 
deactivation by oxygen controls the situation. 

Estimation of the Chain Length . 

If wo accept the hypothesis that the chains are started by the interaction 
of carbon monoxide and water, then an estimate of the chain length oan be 
made by coraparjng the rate of this primary process, measured in the absence 
of oxygen, with the total rate of oxidation. 

For this purpose the rate of the “ water gas reaction ” was measured, by 
allowing mixtures of steam and carbon monoxide to react for known times, 
withdrawing samples and analysing in a Bone and Wheeler apparatus. The 
reaction proved to have all the characteristics of a surface process ; it is rather 
erratic, and the surface of the vessel becomes progressively more active os it 
is used. The rate is only measurable some 200° above the temperature of the 
experiments on the “ wet oxidation.” The reaction takes place on a silica 
surface in the same region of temperature as the reverse reaction on the surface 
of heated platinum and tungsten wires. It is unlikely to give rise to chains 
since it is only feebly exothermic. It is impossible to make a detailed study of 
the kinetics since the results were variable and the method of experiment very 
tedious, there being no volume change and every determination requiring a 
complete analysis. The following results, therefore, are only to be regarded 
as giving the order of magnitude. This, however, is all that is required for an 
estimate of the. chain length of the principal reaction. 


“ Water-gas Reaction ” in Large Unpacked Bulb. 



Initial pres&uroa 




Toinpciature. 



Time. 

CO, 

CO t 

CO. 

H a O 

found. 

corrected. 

, 



i 

°C 



mina. 

1 


800 

285 

70 

20 

11 4 

12 

i 

334 

77 

20 

16 

131 


275 

75 

40 

17-2 

17 5 

700 

267 

71 

71 ; 

1 

M 


298 

79 

100 

1 

0-0 


319 

77 

240 

! 

5 3 

4-5 


The last column gives the carbon dioxide formed corrected to initial pressures 
of 70 mm. water and 800 mm. carbon monoxide, making the rough assumption 
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that the amount of change is linearly proportional to the initial pressures. 
With this same assumption, and extrapolating to 600° C., the rate for 10 mm. 
water and BO mm. carbon monoxide is found to be of the older 10~ 6 mm. per 
minute. This figure is admittedly very rough ; it may be in error by a factor 
of 3 or 4, but the nearest power of 10 is enough for our purpose. Under the 
same conditions, but with 100 mm. oxygen present, the rate of oxidation would 
be 19 mm. per minute. Thus the length of the chains appears to be of the 
order 19/10""*, or rather more than 10 6 . 

Since the chums appear to traverse the vessel from one side to the other, 
this is not an improbable result. The efficiency of collisions in propagatmg 
the chains can now be calculated as follows. From the Einstein formula for 
the mean displacement, ar, of a molecule in time t, x 2 = 2D£, taking 5 as a mean 
value for the diffusion coefficient, D, at the temperature and pressure under 
consideration, the mean time required for a chain to traverse the free space is 
foimd to be about 1 second. The number of collisions which a molecule 
experiences during this time at 600° 0. and a total pressure of 160 mm. is found 
from the formula 

*-**(*»* (£ + £)}*, 

to bo 5-6 X 10 8 , taking <r 12 to be about 3 X 10“ 8 cm, and M x and M a 
to be 30. Thus there occur 5*6 X 10 8 /1*9 X 10 6 - 3 x 10 a collisions for 
each fresh link in the reaction chain. In other words, the efficiency of 
collisions for the propagation of the chains is of the order of 1 m a 100, 
which, compared with the normal efficiency m chemical reactions, is very high, 
and corresponds to hardly any activation.* 


The Interaction of the Dried Gases. 

In the absence of water the kinetics of the reaction are fundamentally 
different. 

For the investigation of the “ dry ” reaction the apparatus was modified; 
the water bulb was removed and the gas holders were replaced by large globes 

* An aibitraiy value of oxygen concentration has been used in this calculation. It 
would perhaps be more correct to use a value corresponding to the maximum influence 
which oxygen oan exert, since otherwise there is the likelihood that chains are * reflected * 
backwards and forwards several times There are indications of such a maximum oxygen 
influence even in flg. 4. Allowing for this, the efficiency of collisions is found to be about 
ten times smaller. 
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containing a supply of pure phosphorus pentoxide. All the taps were lubri¬ 
cated with “ Apiezon ” grease. A globe in which carbon dioxide was stored 
to dry was also sealed to the apparatus; its purpose will be explained later. 

The first experiments were made after the gases had been drying for 3 weeks, 
and the reaction vessel had boen baked out at about 800° C. But it is to be 
noted that the criterion of dryness in this investigation is not the prescription 
of the method of drying, the adequacy of which is always contestable, but 
the behaviour of the gases after the treatment. 

Measurable reaction now began only at temperatures 100° higher than with 
the wet gases. The vastly slower oxidation is not determined by such residual 
traces of moisture as there are, for, under the new conditions, oxygen no longer 
retards the reaction. 


Temperature 691° C. 


1 

Initial pressures. 

Initial rate. 

Carbon monoxide 

Oxygen. 

320 

200 

mm. per minu 
0*36 

300 

100 

0 25 

320 

200 

0 37 

150 

200 

0 21 


The reaction rate is proportional to a power of each of the concentrations less 
than the first. 

In the following table the rates in an unpacked and a sphere-packed vessel 
having an area/volume ratio about 15 times as great are compared. 


Sphere-packed Bulb. Temperature H85° C. 


Initial pressures. 


Cat bon monoxide. 

Carbon dioxide. 

Oxygen. 

100 

80 

50 

100 

80 

100 

100 

80 

200 

100 

i 80 

300 

100 

80 

400 


Initial rate 


mm. per minute 
31 
3 0 

a o 

3 1 
2*7 
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Unpacked Bulb, Temperature 685° C. _ 



Initial pressures. 


Carbon monoxide. 

Carbon dioxide. 

■ - 1 ilUvlU 

Oxygen. 



mm. per minute. 

100 

80 

200 0 179 

100 

80 

400 0 206 


(In these experiments carbon dioxide was added initially to raise the total 
pressure above that of the “ explosion limit,” as will be explained below.) 
It will be seen from these results that the reaction velocity is increased in the 
sphere-packed bulb in proportion to the increase in the surface/volume ratio. 
This indicates that the process occurring is to a large extent a heterogeneous 
reaction. In the packed vessel the rate of oxidation is independent of the 
oxygen concentration, while in the unpacked vessel the rate increases with 
concentration. This might be taken to indicate that a certain proportion of 
the reaction in the unpacked vessel is really homogoneoub. Attempts were 
made to measure this gaseous reaction by suitably increasing the pressure and 
temperature so as to make it predominate over the wall reaction. This 
attempt was frustrated in two ways. In the first place only moderate pressures 
of the gases were available; this made it necessary to attempt to work at 
higher temperatures. But here there exists a region of explosion at lower 
pressures similar to that observed in the hydrogen-oxygen combination and 
other reactions. The limiting pressure, above which the mixture must be for 
slow reaction, is displaced upwards as the temperature becomes greater. At 
the higher temperatures mixing of the gases in the reaction vessel inevitably 
led to explosion, while at lower ones the rate of combmation at pressures above 
the critical limit was still so small that the homogeneous reaction had no chance 
to predominate. The explosion area was mapped out by Semenov using 
moist gases. In the present series of experiments with the dry gases, though 
it could only be determined somewhat roughly, it was found to be situated in 
the same region of pressure and temperature as described by Semenov, so that 
the same phenomenon is evidently occurring. The limits were discovered 
by experiments in which mixtures prepared at a lower temperature were 
slowly heated up to the point of ignition, the amount of reaction preceding the 
entry into the explosion area* usually being small. It is remarkable that, 

* The boundaries of this area are suoh that at 650° C. approx, explosion ooours if the 
pressure lies between 20 mm. and 160 mm. for O t ; CO 1:2. 

a 2 
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although the gases were dried to the extent that the slow reaction was retarded 
something like a hundredfold, the low pressure explosion was relatively little 
affected. This, at first sight, suggests that the explosion is a phenomenon 
independent of water, but, in the absence of more precise knowledge of its 
mechanism, this conclusion is a doubtful one. It is possiblo that without any 
trace of water to set up chains the " low pressure explosion ” might be inhibited. 

This explosion is quite different in nature from the thermal explosion which 
Dixon and others have studied, and which is largely dependent on the con¬ 
centration of water vapour. In the experiments with the wet gases in the 
larger unpacked bulbs it was possible to increase the concentration of water or 
carbon monoxide, or to reduce the concentration of oxygen, to a point where 
the velocity of combination became so great as to pass into an explosion. 
But with the dry gases increase in the concentration of carbon monoxide, 
although increasing the reaction velocity, tended to stop the low pressure 
explosion, i.e., raised the ignition temperature. 

Experiments are being carried out with the object of finding out more about 
the conditions governing the explosion of the dry gases in this low pressure 
area. 


Summary. 

(1) In the presence of water the oxidation of carbon monoxide takes place 
at a rate which is approximately proportional to the concentrations of water 
and carbon monoxide and inversely proportional to that of oxygen. The rate 
in a series of cylindrical bulbs is roughly proportional to the square of the 
diameter. 

(2) These facts are explained by the assumption that the primary process is 
the interaction of carbon monoxide and steam giving hydrogen, which then 
sets up reaction chains analogous to those occurring in the simple combination 
of hydrogen and oxygen. 

(3) The retarding action of oxygen is explained by the breaking of the chains 
by an oxidation process at the wall of the vessel (e.g ., removal of hydrogen atoms), 
not by a “ poisoning ” of the primary process. This is shown by the fact 
that in the presence of iodine, which prevents nearly all the chains from reaching 
the wall, the inhibiting action of oxygen disappears. 

(4) By comparing the rate of the primary interaction of carbon monoxide 
and steam in the absence of oxygen with the total rate of oxidation, the chain 
length is found to be of the order 10 6 in a 7 • 5 cm. diameter silica vessel at 600° C. 
The efficiency of collisions in propagating the chain is as high as 1 in 100. 
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(5) Tlie kinetics of the interaction of dried carbon monoxide and oxygen 
are fundamentally different, confirming the view that direct oxidation takes 
place mdependently of residual traces of moisture. The direct oxidation is 
predominantly a heterogeneous reaction under the conditions of the experi¬ 
ments. 

(6) At lower pressures with the dried gases there exists a region of explosion, 
bounded by limits outside which the reaction is very slow. This region corre¬ 
sponds approximately to that found by Semenov for the moist gases. 

We are indebted to Imperial Chemical Industries and to the Royal Society 
for grants with which apparatus for this work has been obtained. 


Fluorescent Excitation of Mercury by the Resonance Frequency and by 
Lower Frequencies .—IV.* 

By Lord Rayleicht, For. Sec R S 
(Received May 19, 1932.) 

[L'lates 5 and 0.] 

The present paper deals entirely with “ core ” excitation of mercury vapour, 
that is to say, fluorescent excitation by the atomic resonance line X 2537, 
the primary action of which is, without doubt, to produce 2 3 Pj excited atoms 
in the vapour. 

§ 1. Experimental Arrangements, 

The source was a small commercial mercury lamp in Rilica, of the standard 
pattern made by the Thermal Syndicate of Wallsend. It was immersed in a 
tank of water, kept coo] by a constant flow through. A magnetic field from a 
bar electromagnet kept the discharge pressed forward. The magnet was placed 
vertically above the lamp, and the iron core alone dipped a short distance into 
the water. The beam made parallel by a quartz condenser was filtered through 
5 cm. of saturated bromine vapour and 15 cm. of chlorine gas at atmospheric 

* I, 'Proc, Roy. Soc.,’ A vol. 125, p. 1 (1929); IT, ‘Proc. Roy. Soc.,’ A, vol. 132, p, 
650 (1931); III, ‘ Proc. Roy. Soo./ A, vol. 135, p. 017 (1932). 
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prefigure. This combination of filters approximately isolated the resonance 
line. It is true that the group of lines near X 2652 was largely transmitted, 
but the other strong mercury lines between this and the green line were com¬ 
pletely suppressed. Eeproduction No. I is a direct spectrogram of the source 
thus filtered. The exposure has been pushed as far as possible, short of fogging 
the plate by the diffuse light of the instrument, and it is seen that even so 
no trace of the strong mercury lines is obtained. The importance of this will 
appear later. 

The fluorescence vessel was the same as that described in III, p. 619. The 
drawing is substantially reproduced here in fig. 1 for convenience of reference. 



A is a vessel 2 cm. square, built up from sheets of fused silica, ground and 
polished. It is prolonged above into a wide silica tube B serving as condenser. 
B is cooled by a coil of compo pipe of small diameter wound over it. It is 
advantageous to lag the outside of this with asbestos cloth, to prevent con¬ 
densation of the water of combustion from the burner, which may otherwise 
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accumulate and ultimately run down, with objectionable results. Mercury 
boils in A over a burner, condenses in B and returns by the annular gutter C 
and the side tube D. The boiling takes place under an atmosphere of nitrogen 
of any desired pressure admitted to B. No nitrogen penetrates into A, which 
is full of mercury vapour. The issuing vapour keeps the nitrogen away from 
A as in a condensation pump. 

The exciting beam enters on the left, half way up the square part of the 
vessel. A metal diaphragm covers the left-hand outer wall, and a hole about 
3 mm. square admits the beam. The latter is parallel when it traverses the 
filtering tubes of about 7 cm. clear aperture, and is finally converged on to the 
small window by a quartz lens of 8 cm. diameter and 11 cm. focus, sometimes 
supplemented by a smaller one of 2*5 cm diameter and 5 cm focus A final 
convergence of 70° or more produced by using this small lens is advantageous 
in many experiments ; but where it is important to avoid stray light diffused 
by the square vessel, a smaller angle is preferable, so that the divergent 
beam can ultimately escape through the right-hand wall, without directly 
illuminating the front and back walls. 

§ 2. Direct Photographs of the Luminous Vapour Stream through Selective Filters. 

Using these arrangements, a series of photographs of the fluorescent light 
have been made with a quartz-fluorite achromat, through filters which selectively 
pass— 

(а) The resonance line 2537 (40 cm. chlorine and 5 cm. bromine vapour 
combined). 

(б) The band 3300 (5 cm. bromine vapour, 1 mm. blue uviol glass). 

(c) The visual band 4850 (aosculene in gelatine filter, Wratten No. 2). 

These photograplis are reproduced in order to show how the fluorescent 
light distributes itself m the vessel, and how far this distribution is influenced 
by the motion of the stream of vapour, under various conditions of ebullition. 

The excitmg light is introduced locally into the middle of the vertical 
height. Owing to intense absorption due to the atomic absorption line it is 
unable to penetrate directly any distance into the vessel, and we may 
consider that the primary effect of the light is to generato locally in the 
mercury stream a concentrated supply of 2 *P 4 atoms, 

Photographs taken under nearly similar conditions have already been 
published in I, Plate 2 (upper row) and Plate 3. They brought out the impor¬ 
tant point that while the visual green fluorescence moves with the stream of 
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vapour when ebullition takes place under a pressure of 5 mm. or even more, 
tho resonance radiation does not do so, until the atmosphere above the boiling 
mercury is reduced to a fraction of a millimetre. The two could therefore be 
separated in space . The phenomenon of conspicuously moving with tho 
stream away from the place of excitation is referred to as “ persistence.” 

The problem of explaining persistence scorns simplest in the case of resonance 
radiation, owing to the smaller number of possibilities. The present photo¬ 
graphs were taken under better conditions than the earlier ones, and are 
much more instructive. Nos. IV, a, V, a, and VI, Plate 6, are all taken in the 
light of the resonance line, with successively diminishing pressures, ft will 
be noticed how conspicuously tho luminosity spreads away laterally from tho 
place of excitation, contrasting sharply in this respect with the visual fluorescence 
(compare IV, 6) which latter moves up in a compact stream on one side of the 
vessel. As in the earlier work, the resonance luminosity is not affected by the 
vapour stream at pressures of 2 mm. An effect first begins to show at 1 mm. 
(V, a) and becomes more conspicuous when the nitrogen atmosphere over the 
mercury is pumped away altogether (VI). 

These pictures will at first sight seem very different from those previously 
published, on account of the great lateral extension of the (photographic) 
luminosity. This is merely a matter of exposure. In fact, on reducing tho 
exposure sufficiently, results similar to the old ones were obtained, tho 
luminosity being limited to within 1 to 2 mm. from the place of entrance, 
when the pressure was 2 mm. of mercury. It will be evident that whatever 
the mechanism by winch the luminosity spreads, it must be rapidly diluted by 
expanding in all directions as in reproduction IV, a. It clearly does expand in 
all directions, for the divergent cone of incident radiation which spreads out 
from the small window is only of 60° angle,* while the secondary luminosity 
spreads over the entire hemisphere, right up to the entrance wall of the vessel. 
So far from being carried with the vapour stream, it is clear that diffusion of 
the resonance luminosity at these higher pressures is able to take place sensibly 
as well against the stream. As tho pressure is lowered and the stream becomes 
more rapid, this ceases to be the case, and the luminosity is carried up as in 
reproduction VI, Plate 6. 

These photographs decidedly suggest that the diffusion of luminosity is by 
repeated handing on of a quantum of radiation from an atom to its neighbours, 
with ultimate escape ; indeed, it is difficult to imagine any other process by 
which this luminosity could be propagated not only with but also against the 
* Or possibly much less ; unfortunately no record was made. 
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general motion of the vapour. The velocity of propagation by this process 
should increase with diminishing pressure. The velocity of the vapour stream 
does the same, and the evidence of the photographs indicates that this latter 
increase is the more rapid so that at low pressures the process of radiation 
transfer is not able to make headway against it, and the luminosity is carried 
up. The whole matter requires much closer scrutiny than it is possible to 
give in pioneering work like the present. 

Other photographs have been taken with the light of the continuous maxima 
X 3300 and X 4850. These differ in a very striking way from the former. 
See reproductions IV, a , IV, £>, IV, c 9 Plate 6, which show the vessel under 
unchanged conditions, photographed with the same lens, the only difference 
being m the filters which are arranged to admit either 

X 2537 (IV, a) or X 3300 (IV, 6) or X 4850 (IV, c) 

There is no important difference between IV, b and IV, c, beyond what may be 
attributed to variations of photographic intensity These are at 2 mm. 
pressure. 

Reproductions V, a and V, b , from a group at 1 mm. pressure, the former in 
the light of X 2537, the latter in the light of X 3300 and 4850 combined, as it 
was considered unnecessary to take separate photographs. 

Comparing the other cases with the resonance radiation it is clear that we 
have to do with a separate phenomenon. There is nothing to suggest that the 
visual luminosity (4850) or the luminosity of X 3300 have appreciable power 
of propagating themselves against the stream ; and this is quite m harmony 
with the view that has been taken. The process of imprisonment of radia¬ 
tion ” could have no place here, because these emission maxima are not found 
tn absorption. The appearances are, on the other hand, quite suggestive of 
the view that the luminous centres, or the centres that are destined to become 
luminous, move along the stream lines of the vapour generally, in a way 
analogous to the threads of coloured liquid used in Osborne Reynolds* method 
of examining the flow of liquids; making some allowance for the facility of 
gaseous diffusion which naturally leads to the luminous vapour column 
broadening out in a way that the liquid thread does not. Some apparent 
tendency to work from the walls to the centre would be expected. Near the 
walls, where the luminosity starts into bemg, the motion is slow, and the 
luminosity does not rise far before fading out. It is, however, carried out 
towards the centre of the vessel by lateral diffusion. Here the vertical motion 
is more rapid, and the luminosity does not fade out in so short a distance. 
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All this confirms the view usually taken that we have here to do with long- 
lived excited atoms or molecules. This subject has often been discussed, 
but for the most part only from a speculative point of view. Direct experi¬ 
mental evidence will hero bo presented that the visibly luminous vapour, as 
shown in reproduction IV, c, contains both kinds of metastable mercury atoms ; 
and that these have the same general space distribution as the fluorescent light: 
on the other hand their distribution is entirely different from that of the 
excLted atoms (not metastable) which give ruse to resonance radiation as in 
reproduction IV, a. 

§ 3 Detection of Metastable Atotn/t* 

Metastable atoms are brought into evidence directly by the “ forbidden 
lines ” and, as we have seen,t the more excited kind 2 3 P 2 are shown to be 
present in the fluorescent vapour by the forbidden line 2270, 1 1 S 0 —2 3 P a . It 
is probable that the other forbidden line is present as well, but adequate in¬ 
vestigation has not yot been made This method is, however, too msensitivo 
to be satisfactory for determining generally the presence and distribution of 
metastable atoms in the glowing mercury. A much better test for them can 
be made by applying further excitation and observing the result. The lower 
kind of metastable atom requires the higher frequency (violet) to bring it to 
2 3 Sj. The higher kind is brought to the same level by green radiation. The 
achievement of the 2 3 S X level is brought into evidence by the complete visual 
triplet being emitted, and we can look for whichever component of the triplet 
is moat convenient. When using violet supplementary excitation, it is con¬ 
venient to look for the green component, and when using green, the blue and 
violet are looked for. These cases are illustrated m figs. 2 and 3. The radiation 
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* A preliminary account of most of the results of this section is given in 1 Nature, 
vol. 129, p. 344 (1032). 
t III, p. 325, 
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looked for are in each case shown by a full lme arrow. The transitions marked 
by dotted line arrows doubtless occur, but are not convenient to observe. 

The beam of violet light comes from a supplementary mercury arc in quartz.* 
It is easy to remove green light by any kind of blue or violet filter, but in 
addition we require the means of removing at pleasure either tho blue line or 
the violet line, so as to estimate the comparative importance of 2 a P 0 and 2 a P x 
in any phenomenon under investigation. This may bo done either by colour 
filters or by prismatic separation 

As to colour filters, m many of the experiments I cm. thickness of SchottV 
blue uviol glass (BG3 m his catalogue) was used for passing the violet line* 
and stopping the blue ; but later 4 mm of Schott’s violet glass (UG3) was 
adopted as superior As in all such eases the thickness used is a compromise. 
Perfect separation means undue loss of light. 

For transmitting the blue line and suppressing the violet, a solution of 
aesculene is effective, and was used at first. Later for the convenience of 
avoiding a liquid, 2 mm. thickness of Schott’s pale yellow glass GG3 was 
substituted. 

According to the data given by the makers, the transmission of the various 
glass filters is as follows :— 

10 mm. BG3 4 mm UG3 2 mm. GG3. 

Violet line. 0-312 0-52 0-017 

Blue line ... 0-021 0-04 0-60 

When prismatic separation was used the beam came out horizontally from 
the supplementary mercury lamp, limited by a 2 mm. horizontal slit. The 
" collimator ” was 7 cm. diameter and 15 cm. focus. A large 60° carbon di¬ 
sulphide prism was used, with refracting edge horizontal and downwards. 
This refracted the beam obliquely upwards, and the horizontal direction was 
restored by a silver-on-glass reflector. The final convergence was by a lens of 
about 4 cm. diameter, which had a vertical movement in its own plane as well 
as the focussing adjustment. Various lenses were used from 12 cm. focus 
downwards. I have spoken of a “ collimator/* but actually the condensing 
lens was used to render the beam somewhat convergent, so that a smaller 
lens could be used to give the final convergence. The green ray was thrown 
far enough off to escape the comparatively small focussing lens entirely, so 

* The best form of mercury arc has not been particularly studied* There might be 
advantage in using a water-cooled arc to get narrow lines free from self-re venal. It 
was suspected that tho lamp worked less well for this purpose when hot. 
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that no filter was needed to suppress the glare due to it. The blue and violet 
rays were well separated, and the effect due to each could be seen separately 
and compared directly. This is the chief advantage which the prismatic 
arrangement has over the filter, which is in other respects more convenient. 

When it was desired to excite with the green ray, Wratten filter No. 9 was 
used to cut out the blue and violet. This is simple and efficient, involving 
little loss of light. There is no advantage in the prismatic monochromator for 
this case. 

The vessel used for this test is the same as in fig. 1. Fig. 4 will help to 
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explain the method of applying it. The exciting resonance radiation comes 
in from the left through a small aperture in a metal diaphragm. The green 
fluorescence is seen to spring from the place where it enters the vapour as 
indicated (see also reproduction IV, c). This fluorescence by no means dis¬ 
tributes itself over the whole cross section 2 cm. square, but remains isolated 
with comparatively slight lateral spreading. At a distance of, say, 1 cm. up, 
it meets with the convergmg beam of violet light X 4046 coming through the 
right-hand wall of the vessel, and where the violet beam traverses it a marked 
increase of luminosity is observed. 

Viewing the rising stream of luminosity through a powerful direct vision 
prism, it is seen that the locally enhanced luminosity is monochromatic, con¬ 
sisting of the green atomic mercury line (the accompanying blue and violet 
are visually too faint to be noticed). It is only where the local enhancement 
occurs that this line can be seen.* 

* The green line is doubtless faintly present from the first, forming part of the oomplete 
spectrum as in reproduction II, see below, § 4. But it is not strong enough to be observed 
visually under the conditions when the supplementary light is not aoting. 
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The way in which the initial luminosity is locally enhanced should be evident 
from reproduction No. VIII of a photograph taken on an orthochromatic 
plate with a yellow screen. The lower arrow on the left indicates the direction 
of the original illumination, and the upper one on the right the auxiliary 
illumination. This photograph represents with the visual appearance! without 
dispersion. If the prism is used, the initial continuous luminosity is dispersed 
away and diluted, while the monochromatic enhancement appears isolated. 
The photograph VIII, Plate 6, was taken with the blue and violet radiation 
mixed in the auxiliary light. IX, a, is with the violet alone, IX, 6, with the 
blue alone. The technical difficulties are greater m this case, and the result 
not quite so good. But it will be evident enough that it is the violet and not 
the blue component which produces the local enhancement. 

The beam of violet light can be swept up and down by making use of the 
vertical movement of the converging lens. The local development of the green 
mercury lino can then be seen to follow the contour of the initial green 
fluorescence which lias a continuous spectrum. 

In this way it is clearly proved that metastable 2 3 P 0 atoms are present, and 
that they are distributed in the tube in the same manner as the green fluorescence, 
rising upwards along with it, and spreading laterally to the same moderate 
extent. 

The same is true of 2 3 P a atoms, though these, as might be expected, are fewer 
in number, and produce less conspicuous effects. Using the green mercury 
line for supplementary excitation m the same way as the violet lme was used 
before, we again get a local development of the visual triplet, which enhances 
the brightness of the initial rising fluorescence. In this case the observation 
cannot well be made visually, on account of the great brightness of the auxiliary 
green illumination. As already pointed out (see fig 3), the blue and violet 
components are the best to look for, and these lend themselves to photographic 
detection. At the same time the additional photographic brightness is not 
great. Wratten’s filter No. 76 (deep blue monochromat) was used over the 
camera lens to favour the blue mercury line as much as possible. Reproduction 
No. X shows the result. 

Spectrographic observations were made so as to establish the nature of the 
locally increased illumination, the rising column of vapour being focussed on 
the slit. It was found as expected that the blue and violet mercury lines 
came out locally at the level of the green supplementary illumination, which 
latter, it will be remembered, was filtered free of these components. 

These experiments prove very clearly the presence of the two kinds of 
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metastable atoms in the rising green luminosity. As already stated, the test by 
illuminating with the blue line under similar conditions does not show the 
presence of 2 8 P 1 atoms to a comparable extent (reproduction IX, 6). It will, 
however, doubtless occur to the reader that 2 3 P t atoms are the inevitable 
product of absorption of the resonance lino, which is the primary process 
concerned. This is, of course, true, and in fact at 2 mm. pressure we can detect 
the 2 ^ atoms by the test of auxiliary illumination, but only in the immediate 
neighbourhood of the pomt of excitation. They do not stream up to any 
important extent with the rising vapour, when the test is made at 2 or 1 mm. 
pressure. 

Tho distribution of 2 ^ atoms is, however, much more easily determined 
by the resonance radiation (reproductions IV, a, V, a, VI) which is a moro 
sensitive indicator than the method of auxiliary blue illumination. The latter 
method gives the same result as a short photographic exposure to the resonance 
radiation, and at pressures of 1 mm. or more is only adequate to detect 2 “Pj 
atoms close to the pomt of excitation, where they are most numerous. At 
lower pressures they can be detected over a considerable volume in accordance 
with the distribution shown in reproduction VI. Making allowance for 
difference in sensitiveness, tho results of the two methods are m agreement. 

To sum up, the distribution of tho two kinds of metastable atoms follows 
the visual green luminosity. The 2 atoms follow the luminosity m 
resonance radiation. 

§ 4. Line Spectrum in Fluorescence . 

The experiments of Fnchtbauer* and of R. W. Woodf have shown very 
clearly tho mechanism of one typo of process by which the mercury line spec¬ 
trum may occur in fluorescence. What has been described above as the test 
for metastable atoms is in fact an example of this. It consists in the initial 
excitation of the mercury atom to the 2 3 P l level, and further excitation by 
the absorption of other frequencies. There may then be a descent to the meta- 
stable levels, and up again to levels not otherwise accessible. 

I have had occasion to observe this type of process in tho present work 
under a form which, if not essentially new, is nevertheless an interesting 
variant of some of Wood’s experiments, and which may conveniently be 
described here for comparison with that which will follow. 

In the work described so far, the chlorine and bromine filters substantially 

* 4 Phys. Z.,' vol. 21, p. 694 (1920). 
t * Phil. Mag.,' vol. 60, p. 774 (1926), and other papers. 
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isolated the resonance line (reproduction I). If these filters are removed, 
then a tongue of green light showing the monochromatic radiation 5461 projects 
into the fluorescence vessel. Fig. 5 represents the appearance at 1 mm. 
pressure showing how the green fluorescence of continuous spectrum passes 
up, while the tongue of monochromatic green light does not do so. Inter¬ 
posing the blue corex filter, which cuts out any possibility of false light from 
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the source, these effects are unaltered, except for inevitable loss of intensity. 
In this case we have m the main the further excitation of 2 3 P i atoms to 2 3 S 1 
by absorption of the blue line 4358 from the original source. The point to be 
emphasised is that the monochromatic green radiation produced m this way 
does not show the slightest sign of passing upwards in the mercury stream. 

If the blue line 4358 is suppressed from the source, the green light in the 
luminous tongue disappears, but a yellow component, previously masked by 
the much greater brightness of the green, comes into view. This yellow 
component is produced by secondary absorption of the ultra-violet lines 3132 
and 3126 (see fig. 6) and can be suppressed by interposing the chlorine cell 
which cuts out these lines from the source. 

The colour contrast between the green fluorescence which moves up with the 
stream, and the yellow tongue which sticks out rigidly in a horizontal direction 
makes the experiment a striking one. At low pressures, 0-5 mm. for instance, 
the green fades away, leaving the yellow tongue. It is seen in reproduction 
VII which was taken through a yellow screen on a panchromatic plate. 
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The immobility of the tongue of monochromatic green or yellow radiation 
agrees, of course, entirely with the accepted view that emission of the groen or 
yellow atomic line takes place in a time of the order of 10' 8 seconds afteT 

excitation The gas stream cannot 
carry the excited atoms any sensible 
distance m so short an interval. 

In the cases described so far, line 
spectrum fluorescence essentially de¬ 
pends on the presence of radiations 
other than X 2537 in the source. 

I have now to describe a different 
phenomenon which we get when 
X 2537 is isolated by the selective 
filters, the spectrum of the source 
being as in reproduction 1. It is 
found that when the green fluores¬ 
cence, seen rising as in reproduction 
IV, c, is examined spectrographi- 
cally, the complete line spectrum is 
obtained,* superposed on the band 
spectrum. 

A wire was stretched across the wall 
of the silica vessel, fig. 1, so as to indi¬ 
cate the level of the exciting beam, and 
the rising luminosity was focussed on 
the slit of the spectrograph by means of a quartz-fluorite achromat, the obscuring 
wire being depicted about the middle of the slit. The spectrum (12 hours 
exposure) is shown in reproduction No. II. i cm. of vertical distance oil the 
column of vapour is repiescnted by a slightly longer distance on the repro¬ 
duction, sec scale to the right It is clear that the atomic mercury lines are 
carried up above the level of the exciting beam in just the same way as the 
continuous maxima of the band spectrum. I have not so far succeeded in 
getting satisfactory monochromatic pictures of the rising fluorescence in the 
light of the various lines, but the evidence of spectrogram III makes it nearly 
certain that a distribution similar to IV, c, would be shown. The spectrogram 
shows in addition that the resonance radiation is distributed quite differently 

* A preliminary account of thus result was given in 1 Nature,’ vol. 128, p. 905 (1931). 
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from the other features, being almost as conspicuous below the level of the 
exciting beam as above it. This is another illustration of what has already 
been insisted on in connection with the reproduction IV, a, o. It is necessary 
to emphasise once more that theso atomic lines are effectively filtered out from 
the source, and cannot be dotected by any exposure direct on the filtered source, 
even to the point of fogging out everything with the light of the resonance 
line. They originate de novo in the fluorescence vessel. Further, they differ 
from the atomic lines produced by stepwise excitation, in that they are carried 
along with the mercury stream, or show persistence . 

The origin of these lines presents one more difficulty in the already involved 
problem of mercury fluorescence. Since they require higher excitation than 
the resonance line, the question arises whether we have here a caso of multiple 
excitation. It is known that the band spectrum intensity, including even 
Wood’s bands which are of considerably higher frequency than the exciting 
resonance line, varies as the first power of the exciting intensity.* This was 
ascertained by Wood’s test with perforated zinc, the intensity being found 
the same whether the latter is placed over the primary source or over the 
secondary fluorescent source. The perforated zinc used cut down the aperture 
sixfold. 

Using the same perforated zinc in the present case, it is found that the line 
intensity is much greater when the zme is over the secondary source, see 
reproduction No. III. The middle strip represents this caso, the outer strips 
being taken with the perforated zme over the primary source. This is merely 
a sample of many such tests. Usually a considerable number of alternate 
exposures were made on the same plate. The result was always as above. 

It appears then that the intensity of the line spectrum increases much more 
rapidly than the first power of the exciting intensity, probably as the square. 
This is also the caso with the ionisation known to be produced by the, resonance 
linef and I fully expected to find that these phenomena wore closely connected 
So far, however, the experiments made to establish such a connection have not 
given any positive result. Assuming the lmo spectrum to be emitted during 
the recombination process, we should expect that the application of an e.m.f. 
would make dark a space round the negative electrode, as is found to be the 
ease for the luminous vapour rising from the mercury arc.J 

* See III, pp. 024-625. 

t Rouse and Giddings, ‘ Proc. Nat. Acad. Soi.,* vol. 11, p. 514 (1926) and vol. 12, p. 447 
(1026) % also Houtermans, 1 Z. Phyaik,’ vol. 41, p. 619 (1927). 

} See for example * Proo. Roy. Soo,,' A, vol. 91, p. 92 (1914). 
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To test this point, two wire electrodes 1 mm diameter and 2 mm. clear 
distance apart were arranged so as to be bathed in the fluorescent light, fig. 7, 
using the same filtered source as before. The space between the electrodes 
was focussed on the spectrograph slit, so that the spectrum should be taken 
from the region where the electric field was strongest, and that no light should 
be taken from any other region. 140 volts was applied between the electrodes, 
and a number of comparable photographs were taken on the same plate with 
the field on and off alternately. This was tried at 
pressures of 3, 2 and 1 mm , the exposure time being 
usually 10 minutes. The current passing between the 
electrodes was of the order of 10“ 7 ampere, but I had 
no test to determine how much of it was duo to a photo¬ 
electric discharge from the negative electrode, and how 
much to direet ionisation of the vapour. No definite 
difference could be detected m the intensity of the lines, 
either near the negative electrode or elsewhere, according 
to whethor the field was on or off 
It was desired to cheek this result by visual observa¬ 
tion, but the spectrum was not bright enough for the 
purpose. No change could be seen in the unanalysed 
visual intensity when the field was applied, but this test 
is a poor one, owing to predominance of band spectrum. 

Removing the chlorine and bromine filter, a strong stepwise excitation of the 
green mercury line was obtained as before. As might be expected, this 
luminosity was quite unaffected by the field. 


\/w 


Fig. 7.—Actual size. 


§5. Summary . 

The paper deals with the “ core effect,” that is to say, fluorescent excitation 
by the atomic resonance line. 

It is shown, more clearly than in previous work, that in a moving current of 
vapour the resonance luminosity behaves differently from the other com¬ 
ponents of the fluorescence. It can diffuse itself independently of, and 
against the vapour stream under conditions when the visual fluorescence is 
dominated by the vapour stream, and completely carried along with it. It 
is only at lower pressures that the resonance luminosity is affected by the 
stream, presumably owing to the greater velocity of the latter. 

It is proved by direct experiments that the visual luminosity contains meta- 
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stable atoms of both kinds—2 3 P 0 and 2 3 P a . These are provisionally regarded 
as supplying the energy from which the persistent luminosity is derived. 

The resonance luminosity, on the other hand, contains only 2 9 P 1 atoms, and 
the persistent luminosity in this case is attributed to “imprisonment of 
radiation.” 

It is found that the complete lino spectrum of mercury is present when 
excitation is by the resonance line only , other wave-lengths being absent from 
the source. The spectrum thus excited is dominated, like the band spectrum, 
by the motion of the vapour stream. In this it differs altogether from the 
line spectrum excited by successive absorptions, as investigated by R. W. 
Wood. 

This new development of the line spectrum is found to increase much more 
rapidly than the exciting intensity—probably as the square. It appears to 
be indifferent to an electric field, and for this reason it is difficult to connect it 
with the ionisation known to lx* produced by the same kind of excitation. 

I have pleasure in thanking my assistant, Mr. R. Thompson, for efficient 
help in this work. 


DESCRIPTION OF PLATES. 

Plate 5. 

I —Spectrum of exciting Light used. Cooled mercury lamp Resonance line 2537 

approximately isolated. 

II —Spectrum of fluorescent stream of mercury. 2 mm. pressure Exciting light intro¬ 

duced at the level 0 (zero), marked by an obscuring wire. Vertical distances shown by 
scale on the right. Note maxima at 2650, 3300, 4850, also line spectrum not present 
in the source. These are all carried along stream. Xho resonance line and the band 
near it are as oonspiouous down stream os up stream , compare No. IV, a. 

III. —Spectrum of fluorescence at 6 mm. pressure. Middle strip, fluorescence cut down 
sixfold by perforated zinc. Top and bottom strips, perforated zinc removed to 
source. Band spectrum intensity unaltered. Line spectrum much reduced. 

Plate 6. 

The reproductions on this plate are O'85 actual size. 

IV. —Fluorescence, direct photographs at 2 mm. pressure. Level of exciting beam marked 

by a dark obeouring line. 

a. In light of the resonance line. 

b. In light of the continuous maximum 3300. 

c. In light of the continuous maximum X 4850 (visual). 

V. —Fluorescence, direct photographs at 1 mm. pressure, a. in light of the resonance 

line. 5. in light of the continuous maxima 3300 and 4850 not separated. 
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VI. —Fluoresoenoe, direct photograph, in light of resonanoe line X2537. Vacuum, i.e., 

no gas atmosphere over boiling mercury. 

VII. —Yellow fluorescence obtained by simultaneous excitation with 2537 and the pair 
3132-3126. Note that it does not rise with the mercury stream. 1 mm. pressure 
Through yellow filter. 

VIII. —-Test for 2 3 P 0 metastable atoms in the rising green fluorescence. Local brightening 
due to supplementary excitation by the violet line, the blue not being separated. 
Arrow on left, original excitation. Higher arrow on right, supplementary exoitation 
1 mm. pressure. 

IX. a.—The same, with violet lino only (blue suppressed). Local brightening seen. 

IX, 6.—The same, blue line only (violet suppressed). No loonl brightening Been. 

X. —Test for 2 *P t metastable atoms. Supplementary excitation by tho green lino. Shows 

local brightening of the fluoreecenoe, as photographed in blue light. 


A Method of Measuring the Effective Resistance of a Condenser at 
Radio Frequencies , and of Measuring the Resistance of Long 
Straight Wires . 

By E. B Moxjllin. 

(Communicated by R. V. Southwell, F.R.S.—Received November 10, 1931.— 
Revised April 29, 1932.) 

1. Introduction . 

When the effective resistance of a high frequency circuit is measured by a 
resonance method, it is usual to find that the resistance exceeds the calculated 
resistance of the coil. Some of the discrepancy may be due to energy loss in 
the condenser, and it is desirable to have some means of measuring this loss. 
The energy loss in high power condensers is now measured regularly by thermal 
methods and may bo as small as 0*025 per cent, of the volt ampere product. 
But a thermal method is impracticable for the small condensers used in a 
laboratory because the power absorbed would bo less than 0*1 W. 

Most of the energy loss in an air condenser is presumably due to the dielectric 
supporting tho plates and to poor contacts between the plates. Dye* has 
developed a very elegant method for measuring the energy loss in a condenser, 
which presumes that all the loss occurs in the solid dielectric. In his method 
there is a special condenser which consists of two capacities in parallel, and 

* 1 Proo. Pbys. Soc.,* vol. 40, p. 285 (1928). 
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screened from one another. One portion of this compound condenser contains 
the insulating supports for the second portion. Accordingly the second portion 
contains no solid dielectric and is a pure air condenser and is presumed to have 
no loss. This condenser consists of a single circular disc, which may have one 
of three sizes, contained within a cylindrical box; the plate hangs from a 
metal stem which is supported on quartz blocks contained in a chamber above 
the cylindrical box. The total capacity may be considered to bo in two parts. 
One between the metal stem and the case and having a dielectric which is 
partly quartz and therefore imperfect, the other between the circular disc 
and the caso and having no dielectric except air and therefore bemg perfect. 
The condenser to be tested can be connected in parallel with the special con¬ 
denser and its capacity is adjusted to be equal to that between the circular 
disc and the caso. The disc can be detached from the stem and so leave only 
the imperfect portion of the special condenser. The condenser under tost is 
then placed in parallel with the imperfect portion, resulting m a total capacity 
unchanged by the substitution process. But the substitution has replaced 
a capacity without loss for an equal capacity with loss. The total circuit 
resistance is measured by a resonance method before and after the substitution 
and the difference of value is ascribed to the loss m the condenser under test. 
Smce the special condenser is provided with three different discs the resistance 
of the condenser under test could be measured at three different settings. 

By this method Dye found that the effective resistance of the condenser he 
tested could be expressed as a constant series resistance together with a con¬ 
stant power factor in the insulation and a constant shunt resistance. 

A convenient instrumental arrangement has been described by Wilmotte* 
for making the necessary substitution of the condenser under test for a con¬ 
denser which has already been calibrated, say, by Dye's method. Wilmotte 
finds that the resistance of an ordinary condenser for use in a laboratory can 
be represented by a constant senes resistance together with a constant power 
factor in the insulation. 

An elegant thermal method has been described by Wilmotte,f in which the 
coil of a resonant circuit consists of a mercury spiral inside a glass tube and the 
thermal expansion of the mercury allowed the coil to act as its own thermo¬ 
meter. The total resistance of the circuit was measured by a resonance method 
using a measured high frequency current and the reading of the “ coil 
thermometer ” was noted. The steady current required to produce the same 

* 4 J. Soi. Instr.,’ voi. 5, p. 369 (1928). 

f 4 Proo. Roy. Soc.,’ A, vol. 109, p. 508 (1925). 
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thermometer reading was then measured and therefrom the effective resistance 
of the mercury coH was deduced. The measured and deduced values of circuit 
resistance were then compared and any discrepancy was attributed to the 
effective resistance of the condenser. Wdmotte found that the effective 
resistance of his condenser was too small to be appreciable compared with that 
of his coil, which was about 1 ohm. 

Dye’s special condenser and Wilmotte’s thermometer coil are devices for 
separating the resistance of the condenser from the total resistance of the 
circuit. 

Callis* has described a method of measuring the resistance of a condenser 
by the use of two identical coils. The total circuit resistance is measured 
first when using the one coil and then when using the second coil. It is again 
measured when using both coils in series but placed relatively to one another 
so that the total circuit inductance is the same as if only one coil was in use. 
It is assumed that the total coil resistance in the third measurement is equal 
to the sum of the coil resistances in the first two measurements and hence the 
resistance of the condenser can be deduced. The method is not quite sound, 
because it ignores the mutual resistance of the two coils and the change of self 
capacity. 

The method of measurement now to be described separates automatically 
the total circuit resistance into two components, one depending on the coil 
and one depending on the condenser. In this respect it is equivalent to the 
method of Dye’s condenser or of Wilmotte’s coil, but it requires no special 
apparatus except similar coils wound with wire of different materials. The 
simplicity of the necessary apparatus makes the method available for any 
laboratory or works test room. 

The particular application of the method described here gives also a check of 
the skin effect formula for the high frequency resistance of straight wires. 

2. Principle of the New Method . 

The method of measuring the effective resistance of a condenser now to be 
described, depends on providing an oscillatory circuit with a series of inductance 
coils which are identical in form but arc wound with wires of different specific 
resistance. The total resistance of a resonant circuit is measured when the 
inductance is a coil of copper wire and again when this inductance has been 
replaced by an identical coil of brass or German silver wire. In substituting 


* 4 Phil. Mag.,’ vol. 1. p. 428 (1920). 
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one coil for ariother, the only change in the circuit is the specific resistance of 
the conductors, and therefore any losses winch are not located in the wire will 
remain unchanged by the substitution. At a given frequency the total 
resistance of the circuit may be expected to consist of a constant component 
due to losses in the condenser and the supports of the coil and a second com¬ 
ponent which is a function of p, the specific resistance of the wire. 

If R b is the calculated resistance of the coil at a given frequency then R, 
the total resistance of the circuit, may be expected to be of the form 

K — a + pit n , 

where the constant a represents the effective resistance of the condenser and 
other dielectric losses, and p is a factor which will depend on the self-capacity 
of the coil; when the self-capacity effect is small, p will tend to the value unity. 
Since the relation between R and R„ should be a straight line, <x will be deter¬ 
mined by the intercept on the resistance axis and its value determines tho 
resistance the circuit would have if the coil could be made of a material having 
infinite conductivity. 

By varying the form, area and construction of the coil without changing 
the inductance, it is possible to find what fraction of a is due to the (ondenscr 
and what fraction is due to dielectric loss m the supports of tho coil. The slope 
P of the lino is a measure of the amount for which the effective resistance of 
the conductors differs from that calculated by Buttorworth’s formulae,* which 
are derived on the supposition that self-capacity effects arc negligible. By 
relating the change of p with the form of the coil, it should be possible to 
separate the effect of self-capacity 

Hence this method of procedure leads to a means of finding the effective 
resistance of a condenser at a given frequency and also the effective resistance 
of tho conductors of the coil; ultimately this leads to a means of checking 
the formulae for the high frequency resistance of coils. 

By using sets of coils having different inductances, it is possible to relate a 
with the capacity value at a given frequency and so to find the different factors 
on which a depends. 

The experimental work described here has been mainly directed to estab¬ 
lishing the relation R = a + PR„. The use of the method to split a into its 
various components has not been the main purpose of this investigation and 
such use as is described in this paper should be considered subservient to 
the general scheme. Probably the subdivision of a can bo performed more 
* 4 Phil. Trans.,’ vol. 222, p. 57 (192B. 
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conveniently by Wilmotte’s method, but his method requires the effective resis¬ 
tance of the standard condenser to be known ; this can be found very simply 
by the method here described. 


3. Characteristics of the Coils used in the Measurements . 

The principle of this method is applicable to coils of any shape and form. 
But since it was desired to establish rigorously the validity of the method, it 
seemed desirable to choose a form of coil for which the resistance could be 
calculated with great certainty. For this reason the coils must have a form 
for which the effect of distributed capacity can be calculated approximately 
and shown to be negligible in amount. Also the resistance of tho coil must 
not be sensitive to small deformations of shape, for otherwise it would be 
difficult to trace the effect of a small imperfection of manufacture. 

The coils consisted of single turn narrow rectangles, 60 cm. and 89 cm. long, 
in which the spacing between the wires was twenty times their diameter; the 
ratio of length to breadth of rectangle ranged between 20 :1 and 3 :1 according 
to the diameter of the wire, but in most of the experiments it was 15:1. 

This form of coil is an approach to a long uniform two-core cable, in which the 
longitudinal distribution of current is known to be sinusoidal, and in which 
the velocity of propagation is sensibly equal to that of free electromagnetic 
waves m vacuo. Hence if J is the current at the far end of the rectangle of 
length ^ the entering current is I = J cos 2 tcZ/X, where X is the wave-length in 
free space. Assuming that the resistance per unit length is constant and equal 
to R, we have for the resistance loss 



i l R . dx 
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This formula should give a very close approximation to the apparent input 
resistance so long as l is less than, say, X/10; but it presumes the current is 
the same at corresponding points in each leg of the rectangle, and this would be 
true only if tho circuit were isolated in space. One terminal of the tuning 
condenser is connected to the screen case and thus the corresponding terminal 
of the rectangle is at earth potential; hence it may be a closer approximation 
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to reckon l as the perimeter of the rectangle. Most of the rectangles in my 
experiments were 60 cm. long, and hence the self-capacity correction should 
be between 1 per cent, and 4 per cent, when the wave-length is 30 m. Though 
it may not be possible to calculate the self-capacity correction exactly, it is 
possible to assign superior and inferior limits. Since the current distribution 
will not depend appreciably on the material of the conductor, the self-capacity 
correction at a given frequency will not be changed if a copper rectangle is 
replaced by a similar one of another material and hence the expected linear 
relationship between R and R tt should not be disturbed by self-capacity 
effect. 

It can be shown that the loss per unit length of two long conductors each of 
diameter d, spaced apart a distance D, is greater than the loss per unit length 
of one isolated conductor in a ratio which is less than D/(\/D a — d 2 ). In the 
rectangles used in these measurements D/d — 20, and so the resistance per 
unit length was increased by the return conductor by less than 0*125 per 
cent. This increment is so small that the resistance per unit length of a finite 
narrow rectangle must bo very nearly constant and the end effect will be 
negligible. Moreover, since the resistance will not be sensitive to small 
deformations of the rectangle, precision of construction is unnecessary. 

The proximity effect will be ignored and the resistance per unit length calcu¬ 
lated from the formula for the skin effect of an isolated wiro ; this is 


where 


Rn/R 0 


V2Z + 1 , 
4 



( 2 ) 


where R n is the resistance at frequency n — pl%n, and R 0 is the resistance for 
steady currents. The meaning of this well-known formula may be exhibited 
more instructively by writing it in the form 





( 3 ) 


All measurements were made at frequencies greator than 3 X 10* cycles per 
second on wires not smaller than 1 mm. radius and the greatest value of p 
was 2 X 10 4 , so in the worst case the term within the bracket is only 5 per cent. 
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greater than unity. To simplify the plotting of the measurements the term 
within the brackets has usually been ignored and accordingly a linear relation 
should obtain between R n and V pnjr. For the purposes of these measure¬ 
ments the resistance can bo written conveniently in the form 

R„ — VrcR 0 Zn -f~ R 0 /4, (4) 

where R 0 is the steady current resistance of the whole rectangle of perimeter l ; 
here again the term R 0 /4 is usually negligible and it is sufficiently accurate to 
plot R against \/RqW* The radiation resistance of the largest rectangle is 
0*004 Cl at a wave-length of 30 m.; the component due to radiation resistance 
is negligible in all the experiments. 

4. Method of Measuring the Resistance. 

It was impracticable to measure the total resistance of the tuned circuit by 
adding known increments of resistance, because these would have made an 
appreciable change m the circuit mductance ; hence it was essential to deduce 
the resistance of the circuit from the shape of the resonance curve. It is well 
known that if an oscillatory circuit consists of a capacity C and an inductance 
L of resistance R, then the ratio R/pL can bo deduced from the fractional 
width of the resonance curve at a known fraction of its maximum height. The 
distuning can be produced by a continuous change either of circuit capacity or 
of impressed frequency ; both methods have been used m the measurements 
described here. 

Since the inductance of the loops was of the order of one microhenry only, 
and since the mtemal inductance of the tuning condenser was known to be of 
the order of 0*2 pH, it seemed possible that the system would not behave as 
a simple inductance in series with a concentrated capacity. But when the 
square of the wavo-length was plotted against the corresponding resonance 
values of capacity, the result was an accurate straight line between 25*6 m. 
and 90 m., thus showing that the apparent inductance was constant over this 
range of frequency and hence the geometry of the simple resonance curve is 
applicable to the circuit. When the inductance was a rectangle 60 cm. X 4 cm., 
the slope of the line showed that the effective circuit inductance was 1-0 pH 
and the residual capacity was 7 ppF, of which 5 were due to the thermionic 
voltmeter connected across the condenser and used as the indicator. When two 
similar loops were connected in scries, the apparent total inductance was 
1*88 pH, from which it follows that the residual inductance of the condenser 
was 0 • 12 pH and the inductance of the rectangle was 0 • 88 pH. The calculated 
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inductance of the rectangle was 0*93 |xH for steady currents, tending to the 
limiting value of 0*86 jjlH for very high frequencies and hence tho measured 
value of inductance agrees closely with the calculated value. 

Since most of the circuits had a very sharp resonance curve, distuning by 
capacity must be performed by a vernier condenser in parallel with the main 
tuning capacity. It was found that this usual procedure led to erroneous 
measurements, and great labour was expended in locating the cause of the 
error. One cause is the internal inductance of the main condenser; the effect 
of this is to make the apparent capacity between tho condenser terminals 
greater than the nominal capacity value. Consequently the fractional width 
of the resonance curve obtained by varying the vernier condenser is credited 
with a larger value than it should have ; this effect would become inappreciable 
only if the circuit inductance exceeded about 20 (jlH. 

A second cause of error is due to mutual inductance between the coil and the 
leads connecting the vernier to the mam capacity. This mutual inductance 
induces a voltage in the leads of the vernier which is cophased or antiphased 
with the voltage across the mam condenser; the effect of this is to increase or 
decrease the apparent capacity of the vernier m a constant ratio, and so makes 
the apparent width of tho resonance curve fictitious. This important source 
of error appears to have escaped notice previously, and is so difficult to eliminate 
that the use of a vernier is practically madmissable, unless it is contained in 
the same screen case as the main condenser. 

The use of a vernier capacity had to be abandoned, and capacity distuning 
could be used only when the resonant capacity and the resistance were such 
that the resonance curve could be plotted by varying the capacity of the main 
condenser. The necessary distuning was produced by changing the impressed 
frequency by means of a vernier condenser attached to the generator, and the 
fractional change of frequency thereby produced was measured by well-known 
methods. Table I shows a comparison between tho width of the resonance 
curve measured by frequency change and the width measured by capacity 


Table I. 


Material. 

Diameter of wire 

Am. 

j JO. 

Equivalent JC. 


1 

mm. 




irman silver 

2 

80 

78 

78*6 

HU 

2 

80 

47 

48 b 

irman silver 

2 

59 

33 

32 4 

ireka 

2 03 

79 

i ■ 

89 4 
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change, fox four circuits which had a large enough resistance to allow the dis¬ 
tuning to be measured on the main condenser. 

To allow direct comparison between the last two columns of this table, the 
fractional change of frequency is expressed as an equivalent change of tuning 
capacity. The two largest values of AC are necessarily the most reliable, and 
here the agreement is closer than 0*75 per cent.; for the other two the agree¬ 
ment is within 3 per cent. The comparison has been made many times and 
the agreement has always been within 3 per cent. This shows that the same 
resonance curve is obtained whether the alteration is made m the receiver or 
the generator, and so presumably the circuit has the supposed characteristics 
and the method of measuring the ratio TX/ph is valid and reliable. 

The ratio R/pL for a simple circuit can be deduced from the fractional width 
of the resonance curve at any given fraction of its maximum height and, for 
example, it is equal to the fractional width at l/\/2 of the height. Since all 
the different rectangles of each series had the same inductance the resistance 
of any one is proportional to the fractional width of the corresponding resonance 
curve, and it is more convenient to plot this fraction against R ft than to deduce 
the value of the resistance. The ratio R /pL =/ is called the power factor of 
the circuit; since R is composed of two portions, one due to conductor- 
resistance and one due to the effective resistance of the condenser, the power 
factor may be considered to consist of a portion/' due to the conductors and 
a portion /" due to the condenser. The portion /" is given by the intercept 
on the axis of / and this intercept will be termed the residue power factor; it 
js the power factor of the condenser whose effective resistance r" may be found 
from the relation/” = r”pC. 


5. Some Experimental Results. 

Several series of similar rectangles were made of copper, aluminium, brass, 
German silver and eureka wire, and for these materials p had the relative values 
of 1-0, 1*3, 2-05, 3*5 and 5*35 respectively. Curves of / and \/R 0 l were 
plotted at many frequencies between 10 7 and 3*5 X 10 6 cycles per second and 
the result was always a straight line not passing through the origin. Each 
rectangle of a scries had the same diameter of wire ; the diameter of the wire 
was 2*2, 2-63, G*42 or 9*6 mm. and for each of these D/d was made equal to 
20; there were thus four series of rectangles of a given perimeter, each of the 
same inductance, but having circuit areas ranging from 240 to 1200 sq. cm. 

It was found that the intercept and slope of the line relating/ and \/p was 
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independent of the diameter of the wire, thus showing that the residue power 
factor is not a function of the area of the circuit. When this had been estab¬ 
lished it was more convenient to plot/ against \/p jr (see formula (3)) or/against 
VRqJ (see formula (4)) because this procedure gave more points from which 
to determine the lino. If a line is plotted for rectangles of wire of the same 
diameter, it must be determined from only five points, but plotting / against 
\/lV made ten rectangles available and then, if desired, ten points could be 
used to determine the line. 

The observation points in each of figs. 1 and 2 refer to rectangles of the same 
perimeter and inductance but not necessarily having the same diameter of wire. 
Fig. 1 shows/plotted against VR 0 l for rectangles with a perimeter of 120 cm. 



Fig. 1.—Rectangles 120 cm. perimeter at 75 m, C 0 = 1550 ppF. 

at a frequency of 4 X 10® cycles per second (X = 75 m.); the ten observation 
points lie close to the straight line which cuts the axis where / = 0*35 per 
cent. At this frequency the residue power factor is accordingly 0*35 per 
cent, and presumably this is the power factor of this condenser at this frequency 
when the capacity is 1500 

Corresponding lines for frequencies of 3*34, 3*75, 6*0 and 8*7 k.c./s. are 
plotted in fig. 2. The residue power factor at X = 80 m. is much greater than 


* In figs. 1 and 2, R 0 is measured in mfl and l in oentimetres. 
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Fio. 3.—Rectangles 183 cm. perimeter at X » 49 m. and 34*6 m. 


Fig. 4 is derived from figs. 2 and 3, and shows the total resistance of the 
circuit plotted against -\/p/r at a frequency of 8*75 k.c./s. for rectangles of 
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120 cm. perimeter and for rectangles of 183 cm. perimeter. If the coil resistance 
is proportional to the length of the wire, then the slopes of these two lines should 
be in the ratio 183/120 = 1*52, whereas in fact they arc in the ratio 1-51. 
The self-capacity correction for the longer loop is more important than for the 
shorter, using formula (1) and reckoning l as the perimeter, this correction 
should be 7-4 per cent, and 3*2 per cent respectively Accordingly the slopes 
should be in the ratio 1 *52 X 1*042 = 1 *58, and clearly they are not in this 
ratio. If l is taken equal to half the perimeter, the slope should be in the ratio 
1*62 X 1*01 = 1*53, and this agrees with experiment within the limits of 



JPr 

Flo. 4.—-A, 183 cm. rectangle; \\ 120 cm. rectangle X - 34 5 m C 0 220 |z[xF 

or C 0 = 330 HfiF. 

experimental error. Thus it seems that the upper limit for the self-capacity 
correction is considerably too large. Figs. 1, 2 and 3 establish the fact that at 
a given frequency the total resistance of a circuit consists of a portion which is 
independent of the coil and a portion which depends on the specific resistance 
of the wire. Fig. 4 establishes the fact that the apparent resistance of these 
rectangular coils is proportional to the length of wire. 

6. Comparison between the Calculated ami Measured Resistance of the 

Conductors. 

Having thoroughly established the linear relationship between R and It n 
and disposed of the self-capacity correction, we are now in a position to make a 
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further check of the method by proving that the constant (3 in the relation 


R = a + PR* 

is unity; if (3 turns out to be unity we have also made an experimental check 
of the skin effect formula, which is quoted in equations (2), (3) and (4). 

Fig. 5 shows the measured resistance of the circuit plotted against the calcu¬ 
lated resistance for four different frequencies; the result should be straight lines 
of unit slope not passing through the origin. 



Fig. 5.—A, B and C, 120 cm. rectangles at X 34*6, 75 and 60 ra. respectively; D, 183 cm. 

rectangle at X ** 104*5 m. 


The lines in fig. 5 are drawn with unit slope and are not drawn through the 
observation points; but it will be seen that the observation points do lie very 
close to the straight line of unit slope. This is particularly well exemplified 
for wave-lengths of 60 m. and 104*5 m. In general there is a strong tendenoy 
for the best line through the points to have a slope of about 1*05, but since 
there are examples where the slope is unity, it would seem that such discre¬ 
pancies must be attributed to some small error in the system of measurement 
which sometimes is present and sometimes is not present. The extreme difficulty 
of measurements of this precision will be well understood by those accustomed 
to make measurements at frequencies higher than 4 M.c./s. There is some 




129 


Measuring Effective Resistance of a Condenser . 

cause, not yet fully understood by the writer, winch gives a tendency for the 
line to be too steep without producing a tendency for the points to depart 
from the line. 

The magnetic permeability of all the materials has been assumed to be unity 
in this discussion, but if magnetic impurities made the permeability 1-1, the 
high frequency resistance would be increased by 5 per cent. The susceptibility 
of all the 2 mm, wires was measured and the German silver had the greatest 
value, which was 8*7 x 10; hence there is nothing to suggest that the high 
frequency resistance should have a value higher than that calculated from 
formula (4) The discrepancy between the measured and calculated slope of 
the line connecting/ and >/ll 0 l was for a long time so universal that it seemed 
as if the effect might well be real, and might possibly be due to the surface skin 
of the material having less conductivity than the core. At high frequencies the 
depth of penetration is very small and it may 1 m* calculated that 87 per cent 
of the loss m copper at a frequency of 4 M v /s. occurs in a surface skin of thick¬ 
ness 0-025 mm. , therefore the material just near the surface is all important 
to the high frequency resistance It was thought that the process of drawing 
the wire might possibly produce a hard skin which had less conductivity than 
the core, and that this might be removed by careful annealing. Accordingly 
a Eureka rectangle was thoroughly annealed by bringing it to a dull red heat 
by means of an electric current But the circuit power factor after annealing 
was within 1 per cent of that before annealing. 

Although many of the experiments suggest that the conductivity of wires is 
slightly less for high frequency currents than for steady currents, yet there is 
also considerable evidence to show that there is no difference. Having regard 
to the improbability of any appreciable difference, and also to the extreme 
difficulty of the measurements, it seems right to give more weight to those 
experiments which agree with calculation than to the larger number of experi¬ 
ments in which there is a small discrepancy between the measured and 
calculated values. 

7. The Residue Power Faefot. 

The residue power factor was determined at several frequencies from the 
intercept of hues such as those shown m figs. 14 It was also determined by 
measuring the total power factor of the circuit consisting of the condenser 
and the rectangle of copper rod 9*6 nun. diameter and subtracting from this 
the calculated power factor due to the conductor resistance. With tins rect¬ 
angle the calculated power factor duo to the conductor resistance was always 


vol. oxxxvir — a. 


K 
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only about 20 per cent., of the total, so the difference should not be very 
sensitive to small errors of measurement. 

The tuning condenser had a range of 60-1100 (X(iF and within the screen 
case there was a fixed mica condenser of 1000 [ajiF capacity which could be 
connected in parallel with the variable portion. So it was possible to measure 
the residue when the capacity was 1100 p.^F of air condenser and also when it 
was 1000 [A(aF of mica dielectric together with 100 [i(xF of air. With the 
rectangles of 120 cm. perimeter, this occurred at a wave-length of G2 m.; for 
all longer wave-lengths the dielectric was partly air and partly mica. 

A line similar to those shown m the figures was obtained at 62 m. wave¬ 
length by using the four rectangles of wire 2 nun. diameter; when all the 
dielectric was air the residue power factor was 0*33 per cent., but when 91 per 
cent, of the capacity had a mica dielectric the residuo was 0-63 per cent. The 
increment of 0-3 per cent, must be due to the mica condenser. The same 
difference of residue was obtained when the rectangle of 9*6 mm. rod was used 
as the coil. 

Fig. 2 shows that the residue power factor for these circuits is substantially 
independent of frequency, but it may still be asked why this residue should be 
attributed to the condenser. 

It has been seen that the residue can be increased by 0*3 per cent, by 
substituting a mica condenser for an equal capacity of air dielectric, a change 
which was performed by closing a light switch and revolving the spindle of the 
air condenser; therefore the change was definitely due to something within 
the screen case of the condenser. A thermionic voltmeter was connected across 
the condenser, but the addition of a second one in parallel showed no appreciable 
increase of residue power factor ; the residue therefore cannot be attributed to 
the voltmeter. Also a variable condenser was connected in parallel with the 
voltmeter, and close to its terminals ; when this capacity was at least five times 
that of the voltmeter the residue was the same as when the voltmeter alone 
was present. Evidently then tho indicating instrument is not the cause of 
the residue, which accordingly must be attributed to the condenser. If the 
loss in the condenser is due to the insulating bushings, this loss should become 
relatively more important as the air capacity is reduced. 

We will now consider the probable structure of the residue power factor and 
residue resistance. Both Dye and Wilmotto have shown that the effective 
series resistance of a condenser tends to have a constant port ion r whch is due 
to imperfect contact between neighbouring plates. The capacity of a variable 
condenser may bo considered to consist of a fixed capacity C # which has 
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dielectric loss from the supporting insulators, in parallel with a variable portion 
which has no dielectric loss If the power factor of the insulation is <f> t thou 
R„ the effective series resistance* when the capacity is C and the frequency is 
n = p! 27 t, is given by 

U, - > + f c '//** 

It is common experience that cj>' is roughly independent of frequency and we 
shall expect to find a linear relationship between R fl and 1 /pC 2 . 

Fig. 6 shows the observed values of R s plotted against 10®/nC 2 , where n is 
the frequency in M.c./s. and C is the capacity in |jl[jlF The five points lie 
close to the straight line whose equation is 

R t = 0-05 + W/llC 2 *?. 

Assuming that C' is of the order of 20 [jipF, then <j>\ the power factor of the 
ebonite insulation, is about 2-G per cent Fig 6 covers a range of wave- 



1 lOVnC* “ 

Fig 0. 

length from 34 to GO m. and a range of capacity from 220 to 1000 (i.[xF. The 
constant senes resistance is of the same order as that found by Wilmotte, but 
the power factor of the ebonite considerably exceeds his values. 

When the fixed mica condenser of capacity 1000 p,[xF is in parallel with the 
air variable condenser, the relation of apparent senes resistance to total capacity 
and frequency is shown m Table II. 

There seems to be no simple function relating these quantities. But since 
at 4*75 M c./s. the total power factor of the circuit was 0*33 per cent, without 
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Table II. 


n in M c /a. j 

Total capacity, 

1 

K« in Q, 

• 

2 80 

2030 

0 065 

3 75 

1880 

0 080 

4 0 

1550 

0 11 

4 75 

1100 

0*18 


the mica condenser and 0-63 per cent, with the mica condenser, it is clear that 
the construction of this condenser must have been quite unsuited to these 
frequencies. It is absurd to attribute so large a power factor to dielectric 
loss in the mica and it is scarcely worth while to analyse a loss which must 
have been duo to iuisui table construction. The process of measurement shows 
at once that tins mica condenser is quite unsuited to high radio frequencies , 
as the condenser was contained in a sealed case, the method of connection to 
the mica condenser was not investigated. 

Figs. 1 and 2 show that at frequencies of the order of 5 M c./s., the power 
factor of an ordinary high-grade condenser is more than half the total power 
factor of a copper circuit. Consequently the design of the coil is not ot as much 
practical importance as the design of the condenser. However, it is easy 
to obtain a circuit power factor of 0*5 per cent, at a frequency of 5 M c./s., 
whereas considerable skill is required to obtain this power factor as a frequency 
of, say, 500 k c /s. 

In fig. 7 is plotted the residue power factor of a circuit in which the coil was 
a rectangle of 120 cm. perimeter ; the figure covers a range of wave-length from 


101 




o') 



30 to 80 m. The sudden discontinuity when C = 1100 (xpF is due to sub¬ 
stituting 1000 |X(jlF of mica condenser for the same capacity of air condenser. 
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Between 200 and 1100 \l\lY the residue power factor is sensibly constant. 
According to the expression derived for B # , the equation connecting / and C 
should be 


1 /C 0-57 
2 x 10* V L + C ’ 


where C is in p,pF and L in [aH. For this circuit L = 1 jxH, and substitution 
will show that / should remain sensibly constant for values of C between 200 
and 1100, with an ill-defined minimum when C = 700. 


Summary 

The resistance of a high frequency circuit usually exceeds the calculated 
resistance of the inductance coil and the discrepancy is often attributed to the 
condenser. This paper describes an experimental method of separating the 
total resistance into a component due to the resistance of the conductors of 
the coil and a component which is independent of the coil. The method con¬ 
sists in using similar coils wound with wires of different specific resistance and 
in plotting the measured resistance of the circuit against the calculated resis¬ 
tance of the cod. The result is found to be a straight lino not passing through 
the origin, thus showing there is a component of resistance which does not 
depend on the conductivity of the wire m the coil; the intercept on the 
resistance axis shows the resistance of the condenser at the frequency in use. 
The slope of the line gives a measure of the amount by which the true resistance 
of the coil exceeds the calculated resistance and this can be used to examine 
the self-capacity correction. 

The manner in which the resistance of a condenser depends on frequency and 
capacity can be studied from the intercepts given by a family of such lines. 
An example of such an analysis is given, and it is found that the condenser 
tested has a constant series resistance and a constant power factor in the 
insulation. 

The coils used for the experiments were long, narrow rectangles, and for 
such the skin effect formula for a long straight wire is applicable without modi¬ 
fication. For frequencies between 3 and 10 million cycles per second the 
measured resistance of a wire agrees with the calculated value. 
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By Edoar Newbeky, D.Sc., F.I.C., University of Cape Town. 

(Communicated by Lord Rutherford, F.R.S.—Received December 11, 1931.) 

[Plates 7-9 ] 

Introductory . 

The theories of electrolytic valve action and electrolytic rectification of 
alternating currents are at present m a somewhat unsatisfactory state, several 
conflicting theories having been put forward recently. 

Schulze* suggested that valve action is caused by an insulating skin of 
ultra-molecular thickness with a thin layer of gas within it. This theory is 
now generally discredited. 

Muller and Konopickyf suggest that in the case of aluminium, a layer of 
negatively charged hydroxide gel is formed, and this is pressed against the 
metal, squeezing out the electrolyte when the aluminium is the anode, the 
process being reversed when the aluminium is the cathode. It appears 
impossible to imagine this process occurring with sufficient rapidity 
to rectify an alternating current with a frequency of 60 or more per second. 
The heat developed at the electrode surface would be far greater than is ever 
found in practice, and the work to be described in this paper shows this theory 
to be untenable. 

Pietenpol and Freisent suggest a double layer of aluminium oxide and 
hydroxide, the hydroxide acting as a semi-permeable membrane to certain 
ions. The accumulation of negative ions in the double layer is supposed to 
account for the high resistance and for the counter e.m.f. observed. This 
appears to be a much more possible explanation of the observed phenomena. 
The idea of the formation of a semi-permeable membrane was put forward 
independently by the present author in the same year in a communication to 
the Royal Society of South Africa and later published in a paper on the theory 
of electrodes § It is doubtful, however, if the formation of hydroxide plays an 
essential part in the process, or whether the presence of such a double layer is 

t 

* ‘ Trans. Faraday Soc.,' vol. 0, p. 266 (1913). 
t ‘ Z. PhyH. Chem.,’ vol. 141, p. 343 (1929). 
x ‘ Pbyu. Rev.,’ vol. 33, p. 277 (1929). 

& ' J. Aroer. Electroohem. Soc.,’ vol. 68, p. 187 (1930). 
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not to be looked upon as a secondary effect to be avoided as much as possible. 
This point was investigated in the course of the present work. 

Lihenfelt, Appleton and Smith* treated the formed aluminium anodes as 
condensers and investigated the change in rate of leak under various con¬ 
ditions. They concluded that the observed deterioration of the condenser 
during idleness was not due to loss of oxygen or oxide from the anodic layer 
but to a re-arrangement of the molecules previously oriented in this layer by 
the electric field They also concluded that conduction through the layer 
occurred by the passage of electrons from molecule to molecule. This ascrip¬ 
tion of metallic conductivity to aluminium oxide or hydroxide appeals 
improbable. 

In the course of a discussion on the above paper, Coulter stated that the 
hardness of the anodic film on aluminium in immediate contact with the 
metal is 50 times that of the outer surface la) cr and 70 times that of the metal 
itself. 

In view of the different es of opinion shown by these workers, it was decided 
to attempt the application of the cathode ray oscillograph to the solution of 
the problem, since this apparatus has proved itself of great value m the study 
of other forms of electrode phenomena.t 

Experimental. 

The essential parts of the apparatus used are shown m hg 1. Owing to the 
complicated nature of the complete apparatus certain parts (e g , the filament, 
high tension battery, motor, etc.) have been omitted in order to simplify the 
diagram, but a complete diagram of the oscillograph connections has been 
shown in a previous communication (Zoc. cit ). The present apparatus differs 
from that previously used for over-voltage work m several important respects :— 

(1) The double commutator C is arranged to leverse the current through 
the experimental cell E, giving the effect of a rectilinear alternating 
current when the cell is replaced by a metallic resistance. 

(2) No standard electrode is used in the cell E, and no standard cells are 

used for marking potential points on the photographs 

(3) By means of the mercury cups a, 6, .. A, the current could be passed 
either directly through the coll E whilst the electrodes were connected 

* ‘ Trans. Amer. Elcctrochem. Soo.,* vol. 58, p. 285 (1930). 

t * Proc. Roy. Soc.,’ A, vol. 107, p. 480 (1925); vol. Ill, p. 182 (1926); vol. 114, 
p. 103 (1927); and vol. 119, p. 080 (1928). 
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to the deflecting plates of the oscillograph, thus giving records of the 
voltage changeR at the electrodes, or through the deflecting coils DD 



and then through the cell IS, thus giving records of the current changes 
through the cell. 

(4) Since voltages up to 24 volts were used, and the currents through the 
coils DD were from 25 to 1000 milliamperes, the deflections of the 
cathode ray were so great that a thermionic valve was not needed. Two 
pairs of coils, 240 and 30 turns respectively, wero employed, the latter 
for studying the effects of very high current densities, but all the 
photographs here shown were obtained with the use of the larger coils 

(5) The previous arrangement for the horizontal deflection of the cathode 
ray, although very suitable for commutator speeds of the order of 
200 per minute, was not suited for the speeds of the order of 1200 per 
minute used in the present work. 

Two different devices were utilised for this purpose. The first consisted of 
a discarded motor car magneto which was rewound with 32 gauge wire and 
fitted with a two-part commutator with adjustable brushes. The small gear 
wheel of the magneto (40 teeth) was fitted to the spindle S of the commutator 
C, and the large gear wheel (80 teeth), was fitted to the spindle of the magneto. 
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When the brushes were adjusted in a position at right angles to that usual for 
continuous current, and connected to the vertical deflecting plateH of the 
oscillograph, the spot was drawn horizontally across the screen with a fly-back 
motion, once for every revolution of the commutator. The motion near the 
centre was fairly uniform and the length of the line thus drawn could be 
adjusted by means of a variable shunt connected across the brushes. The 
first six photographs, figs, a to /, Plato 7, were obtained with this apparatus. 
The disadvantage of this method lies m the fact that although it gives excellent 
representation of the behaviour of the electrodes when the current is reversed 
in one direction, it does not show the behaviour on reversal in the other direction, 
unless the current through the whole apparatus is reversed and a separate 
photograph taken. 

In order to remedy this defect and obtain both effects on one photograph, 
a smaller gear wheel (20 teeth) was fitted to the spindle S, but this proved 
unsatisfactory as the speed of the magneto was now too low to produce a 
suitable horizontal deflection The device shown in fig. I was therefore 
constructed (i represents a pair of gear wheels, 2 to 1 ratio, with an ebonite 
cylinder Y fitted on the same spindle as the larger gear wheel In the circum¬ 
ference of this cylinder, a narrow brass bar was embedded and two platinum 
tipped brushes, pressing against the cylinder, were electrically connected by 
the brass bar, once m each revolution. By this means, the condenser X (3 
micro-farads) was charged from battery B 2 (36 volts) and allowed to leak 
through the resistance R (20, (KM) ohms) once for every two revolutions of the 
commutator, thus drawing the cathode ray across the screen at half the speed 
obtained with the magneto device The remaining photographs, g to p t were 
obtained in this way. 

The rest of the apparatus needs little comment. The main battery B 1 was 
24 volts, the potentiometer P, 90 ohms, the ammeter A, a three-scale instru¬ 
ment reading from 0-1 milhampero to 1*2 ampere, and the voltmeter V, a 
high resistance (150,000 ohms) instrument reading from 0*3 to 36 volts. 

For the estimation of rectification efficiency, a second ammeter was intro¬ 
duced between the points a and b , and its reading compared with that of A. 
Both ammeters were for direct current only. 


Remits 

The nature of the current supply to the cell may be seen from fig. 2, Plate 9, 
which was obtained by replacing the cell E with a metallic resistance adjusted 
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to give the same current at the same voltage that was applied to the cell with 
platinum electrodes, the curve of which is shown in fig. o, Plate 9. 

The following table gives the data relative to the curves shown in Plates 7 
to 9. In the last column, the letter C denotes that the coils DD were con¬ 
nected with the cell, thus giving a record of the current changes in the cycle, 
and the letter V denotes that the deflecting plates of the oscillograph were 
connected with the cell, giving a record of voltage changes. 
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The lower portion of each curve shows the path of the cathode ray when the 
first named metal is the anode. 

The spot was in all cases drawn from left to right of the photograph. 

The zero line is marked on the voltage curves, except fig. p The lower 
portions of curves a to d and t to j, lie on the zero line. In figs </, m, n and o, 
the position of the zero line is indicated by a series of dots produced by the 
small insulating gaps in the commutator. 

It was found that the general character of the curves was unaltered by 
variations of the commutator speed between 600 and 1800 per mmute. The 
commutator was therefore rotated at a uniform speed of 1200 per mmute for 
all the photographs shown. All the electrodes were flat plates having an 
exposed area of 1 sq. cm. and were fixed about 1 cm. apart. The surfaces were 
bright and polished to begin with. Iridescent films were formed on the Ta, 
8b and Bi electrodes, but all retained the polished appearance. The backs 
of the electrodes and the leads were coated with paraffin wax. The tempera¬ 
ture was 18° ± 1°. 
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Discussion of Results. 

The above photographs have been chosen out of a large number in order to 
illustrate the following conditions:— 


Valve action. 

Rectifying action 

None 

None 

None 

None 

Strong 

Small 

Strong 

Perfect 


Chemical action Fig. 

None 2 

Strong o, p 

Strong y, h, m s n 

Nono a to/, i to { 


Fig. o shows very clearly the effect of the chemical action of the deposited 
gases on platinum electrodes in increasing the current at the moment of 
reversal. The extremities of the four parts of the curve are slightly outside 
the print. 

In figs, m and », the behaviour of Sb and Bi electrodes in ammonium phos¬ 
phate electrolyte is illustrated These electrodes show very pronounced valve 
action inasmuch as an applied potential of 24 volts will only produce a steady 
current of about 2 milliaraperes when they are anodes, whereas the resistance 
of the cell is 10,000 tunes less when the current is reversed. Nevertheless 
the curvos indicate that little or no rectification of a rapidly alternating current 
occurs, and this was confirmed by including a D C. ammeter in the cell circuit, 
the current registered being less than 0 1 milliampere It is therefore neces¬ 
sary to distinguish between valve action and rectifying action as two partially 
independent phenomena From the shape of the curves it is evident that 
chemical action at the electrodes is pronounced 

Fig. g } obtained with bismuth and nickel electrodes in sodium hydroxide 
electrolyte, shows a further stage in which indications of rectification are more 
definite. The upper portions of the curve are now nearly horizontal, the slight 
downward bend being due to the slow reduction of bismuth oxide. 

The lower portions of the curve are remarkable, their length being approxi¬ 
mately twice that included m the photograph, the extremities falling outside 
the oscillograph screen. This indicates a very rapid and violent oxidation of 
the previously reduced bismuth oxide with formation of a film which very 
quickly reduces the current to a small value. In spite of this sudden rush of 
current, the total quantity of current passed is less than that obtained in the 
rest of the cycle and partial rectification of the alternating current occurs, 
but only to the extent of about 5 per cent, of the total ourrent under these 
conditions. It is evident from this curve that the rectification efficiency will 



140 E. Newbery. 

be higher if the commutator speed is reduced. This was confirmed by direct 
observation. 

The fact that anodic oxidation of Bi takes place more rapidly and com¬ 
pletely than cathodic reduction of the oxide is further shown by the formation 
of an oxide coating on the Bi electrode when alternating current is passed. 

As a consequence of this, a clean Bi electrode will at first allow a larger 
current to pass when this electrode is positive than when it is negative. As the 
insulating film increases in thickness, the rectified current falls to zero and then 
again increases in the reverse direction 

The original inverse rectification is more easily observed in ammonium phos¬ 
phate electrolyte than in alkali. 

A zinc electrode m ammonium phosphate electrolyte gives oscillograph 
curves very similar to those obtained with Bi in NaOH. 

In figs, ciio dj % and j, the whole character of the curves is completely changed. 
The lower portions of the curves are now horizontal straight lines lying on the 
zero line, indicating the absence of all current and all chemical action. The 
upper portions are now sharply nsmg to a constant yalue instead of falling as 
in the previous cases. It is therefore very improbable that any chemical 
action is occurring at these points since such chemical action would tend to 
assist the current, specially at the instant of reversal, and would therefore 
bend the curves in the opposite direction. This absence of any assisting 
chemical action is partly responsible for the greatly increased resistance of 
the cell when true rectification occurs, but the source of the greater part of this 
increase must be located ou the surfaces of the Al or Ta electrodes. This 
subject will be discussed later. Substituting Pt for Pb in the ammonium 
phosphate electrolyte, or for Ni in NaOH, or replacing Pt by Pb in the H!S0 4 
electrolyte had no effect upon any of the curves here shown. Also the curves 
obtained with Al-Pb or Al-Pt in a saturated borax-boric acid electrolyte were 
identical with those shown for the ammonium phosphate electrolyte. 

A “ dry ” rectifier composed of a copper plate covered with powdered native 
bornitc in contact with a plate of surface-oxidised magnesium was also tried 
and gave curves similar to figs, t, j, but the current was very irregular, appar¬ 
ently due to sparking at the numerous contacts. This subject will be studied 
further. 


Theory of Electrolytic Rectification . 

It is evident from the work described that whereas a rectifying electrode 
must of necessity show valve action, it by no means follows that a valve 
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electrode need ahow any appreciable rectifying action. The stoppage of the 
current by a valve electrode when it is anode is undoubtedly due to the forma¬ 
tion of an insulating compound of the metal of the anode with the anion or 
some part of the anion, this compound being insoluble in the electrolyte. 
When the current is reversed, cations (usually H) must be deposited on the 
metal of the electrode before they can be discharged and thus allow current to 
flow, but before they can reach the metal they must first pass through the 
anodic film already formed. This film must therefore act as a semipermeable 
membrane, permeable to hydrogen ions but not to the larger anions present. 

Now if this anodic compound (usually the oxide) is reducible by the discharged 
H ions, chemical action will occur, gaseous hydrogen being prevented from 
forming in quantity sufficient either to produce transfer resistance or to set 
up any appreciable back e m f When the current is reversed, chemical action 
will again occur, namely the re-oxidation of the metal surface, allowing a 
considerable quantity of current to pass before the insulating film has become 
thick enough to stop it Under such conditions, little or no rectification of an 
alternating i urrent occurs unless the frequency is very low. At the same time, 
the effective electrical resistance of the cell will be low Antimony, bismuth 
and zinc electrodes m suitable electrolytes, behave m this way. If the anodic 
compound is not reducible by the discharged H ions, no chemical action can 
occur after the continuous semi-insulating film has formed. Hydrogen gas can 
now accumulate on the valve electrode and oxygen gas on the other, and these 
gases cannot be removed clectrolytically from either, owing to the blocking 
of the current m the necessary direction by the inability of the large anions 
to penetrate the film oil the valve electrode. Transfer resistance will therefore 
be in evidence at both electrodes, over-voltage phenomena will appear, and the 
back e.m.f. clue to the gases on the electrodes will also oppose the flow of 
current. There is, however, another factor which may have as great an effect 
in raising the total effective resistance of the cell as all three of these factors. 
When the large anions strike the membrane and are unable to penetrate it, 
there must be a powerful hammering action tending to close up the pores of 
the membranes so much that the number sufficiently large to admit a H ion 
will be considerably diminished. When the current is reversed, some of these 
pores, the walls of which have been in a state of strain, will open out; others 
will be opened further by the stream of H ions entering and by the discharged 
gas escaping. The former process will occur very rapidly, the latter more 
slowly, but both will increase the available area for the deposition of H ions 
and lower the total resistance of the cell. The effect of the former process 
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which is really due to the natural elasticity of the film, is well shown by the 
sharply rising portions of the curves in figs, a to d. The effect of the latter 
process is not evident from these figures as the time interval is too short, but 
is readily observed if the commutator is stopped in the valve electrode-cathode 
position. This was done after taking photograph 6, and the voltage needed to 
maintain a current of 100 milliamperes fell from 13*5 to 5*0 in the course of 
30 seconds. 

It is obvious from this theory and from the appearance of the curves that 
an increase in the frequency of the alternating current should increase the 
apparent resistance of an electrolytic rectifier. This was tested with an Al-Pb 
pair in ammonium phosphate electrolyte, and it was found that change of 
commutator speed from 900 to 1800 revolutions per minute increased the 
apparent resistance by 7 per cent. 


Composition of the Rectifying Film. 

Most of the theories quoted in the introduction to this paper assume the 
presence of aluminium hydroxide in the rectifying film on an A1 electrode. 
In order to test this, a polished A1 electrode was heated to dull redness and 
then cooled in a desiccator to ensure a coating of oxide only on the surface. 
This was then fitted up m the apparatus in such a way that the last electrical 
connection was made by the immersion of the aluminium in the ammonium 
phosphate electrolyte. Rectification was iiistantaneous and perfect. 

Other electrodes were cut from a polished aluminium sheet and treated in 
the same way, with and without the preliminary heating, and the results 
obtained were identical in every case, the electrodes remaining bright and 
quite unchanged in appearance after use We are therefore bound to conclude 
that it is an oxide and not a hydroxide film which is responsible for electrolytic 
rectification, and further that this film is already present on a bright aluminium 
sheet which has been exposed to the atmosphere. Also there appears to be no 
orientation of the molecules of the film by the electric field as postulated by 
Lilienfeld, Appleton and Smith. The so-called “ formation ” of an aluminium 
electrode for rectifying purposes is therefore quite unnecessary if bright A1 
is used, at least for the comparatively low voltages (24 volts) used m this work. 
For higher voltages, some thickening of the film may be necessary. 

In order to examine the formation of the electrode as usually carried out, 
the surface of a used electrode was roughened and the original film destroyed 
by rubbing with fine emery cloth. On connecting up with the apparatus, the 
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series of changes roughly illustrated m fig. 3 was observed. As the whole 
series only took about 30 seconds to complete, it was not possible to obtain 
suitable photographs, but the sketches will give some impression of the gradual 
diminution of chemical action and stoppage of the current when the A1 is the 
anode, due to the re-formation of the oxide film. 
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Via :i 

It is probable therefore that the deterioration of an aluminium electrolytic 
condenser studied by Lilienfeld, Appleton and Smith (loc. ciL) is due to the 
slow hydration of this oxide film expanding it, rendering it less adherent and 
more porous, and thus exposing the underlying metal to further chemical 
action. The greater hardness of the layer next to the metal observed by Coulter 
(loc, cit.) is due to this layer being composed entirely of oxide whereas the outer 
layers are more or less hydrated. The presence of hydroxide is therefore a 
marked disadvantage, as it increases the resistance of the cell and reduces 
the condenser capacity without contributing to the rectifying action. An 
electrolyte which would prevent or lander this hydration would therefore 
improve the life and action of an aluminium rectifying cell or electrolytic 
condenser. Possibly the addition of a very soluble and hygroscopic solute 
or the use of a non-aqueous electrolyte might effect this. 

The Tantalum Rectifier . 

This needs but little comment. Its action appears to be exactly similar 
to that of aluminium, its rectifying action being nearly perfect. Rotating 
the commutator by hand shows that even after long cathodic treatment, when 
the current is reversed, it drops to zero in about 0*01 second. After anodic 
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treatment, the cathodic current requires about 20 to 30 seconds to rise to its 
maximum value for a given voltage, this value being about double that obtain¬ 
able with rapid alternations at the same voltage. 

Determining Factor a jot Electrolytic Valve Action and Rectifying Action . 

For an electrode to show valve action, the following conditions must be 
fulfilled:— 

(1) The compound formed by the anodic action must be a good insulator. 

(2) This compound must adhere closely to the electrode. 

(3) The compound must be insoluble in the electrolyte present. 

(4) The film thus formed must be permeable to hydrogen ions but not to 
the anions present. 

If the electrode is to show rectifying action, it must have all the above 
properties and in addition- 

(5) The anodic compound must be irreducible by electrolytic hydrogen, 
and not further oxidisable by discharged anions 

Only a few electrodes can be found to fulfil the first set of conditions and 
fewer stil^ to fulfil the last. With regard to condition (1), so many of the 
anodic oxides are electronic conductors that passivity is much more common 
than valve action, and it is even possible to convert u rectifying electrode into 
a passive electrode by anodic oxidation. A magnesium electrode which has 
been heated in the air until it is well covered with a hard film of oxide, when 
placed in a NaOH electrolyte with a subsidiary nickel electrode gives very 
good rectification of an alternating current for a few seconds only, the oscillo¬ 
graph record resembling fig j. In a short time, however, a series of changes 
similar to those shown m fig. 3 proceeds backwards, and the curve finally 
resembles fig. o. On stopping the commutator with the Mg as anode, oxygen 
is freely evolved from the now passive Mg electrode. The insulating MgO 
haft apparently been oxidised to some higher oxide which has electronic 
conductivity. 

Condition (2) is more often fulfilled than (1). Silver, mercury, and tm anodes 
in a sodium hydroxide electrolyte afford examples of loosely adherent anodic 
deposits, but most anodic oxides adhere to the electrode very strongly. 

Condition (3) with suitable choice of electrolyte, can be fulfilled with nearly 
all the metals except those of the alkalies. 
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* 

Condition (4) is fulfilled by all the insulating anodic films so far investigated 
if they adhere to the electrode. 

Condition (5) is fulfilled by the films on aluminium, tantalum, and possibly 
certain other metals not yet investigated. 

Summary . 

The behaviour of various valve electrodes and rectifying eleotrodes has been 
investigated with the aid of the cathode ray oscillograph. 

Valve action is due to the formation of an adherent insulating anodic film 
which is permeable to H ions but not to the anions present. 

Rectifying action occurs when such a film is not reducible by the electrolytic 
hydrogen produced on it, and is also unchanged by further anodic action. 

The film responsible for the rectifying action of an aluminium electrode is 
the oxide only. Hydration of this oxide destroys its rectifying efficiency. 


Some Tests on the Stability of Thin Strip Material under Shearing 
Forces in the Plane of the Strip . 

By H. J. Gough, D.Sc., and H. L. Cox, B.A. 

(Communicated by R. V. Southwell, P.R S. —Received January 2, 1932.) 

Introduction. 

1. The introduction of metal construction for aeroplanes, more particularly 
in relation to the wmg spars, has resulted in a need for some simple test on 
thin sheet metal which will serve to discriminate between desirable and un¬ 
desirable properties. Hitherto it has been customary to demand some fiunimum 
value of the “0-1 per cent, proof load/’ defined as the tensile stress that 
produces 0-1 per cent, permanent extension. This procedure is, however, 
difficult to justify on rational grounds, because the failure of a metal wing 
spar normally occurs by local buckling in some region where compression 
stresses are operative, and hence it may reasonably be anticipated that the 
stress-strain properties in compression are criteria of the suitability of a material, 
as they are known to be in the case of straight struts.* There is no reason to 

* R. V. Southwell, 1 Engineering,’ August 23,1912 ; A. Robertson, 11 Selected Engineer¬ 
ing Report No. 28 of the Inat. C.E.” (1925). 
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believe that such properties are revealed by the proof stress in tension, and 
although it is possible that experience may indicate some degree of correlation 
over a restricted range, some test of more direct application is desirable. 

When this problem was under discussion by the Aeronautical Research 
Committee, it was suggested by Professor Southwell that a suitable test of 
flat sheet material might be made by determining the intensity of shearing 
stress required to make a long strip of the material buckle by reason of instability 
into a waved form The stability of a flat strip clamped at each edge and 
subjected to shearing forces had been discussed by him in a paper written m 
collaboration with Miss S. W. Skan,* so that some notion could be formed of 
the results which might be expected. It was decided that experimental work 
should be initiated with two objectives :— 

(1) To check the conclusions of this theoretical treatment, and 

(2) To investigate the possibility of standardising some test of this nature 
as an “ acceptance test.” 

2 For the attainment of this second aim, it was required that the buckling 
produced should be of inelastic type, since, if the wave form were developed 
elastically, the critical stress would depend primarily on the elastic constants 
and not on any limiting strength property of the material. It may be said at 
once that the Recond objective was not attained, mainly because (apart from 
other objections) the technique of the test proved to be too complicated for 
ordinary specification purposes. The work done under this heading is to be 
described elsewhere, and practical aspects, that is, the application of the 
experiments to testing, will not receive further notice in this paper 

3. There remains the question of a comparison of the experimental results 
with the theory of Southwell and Skan ( loc. cit ). The present paper discusses 
from this aspect such tests in the series as were made on strips of sufficient 
width for their critical loads (according to theory) to be within the limit of 
elastic proportionality of the material. 

In the first series of testR, the buckling load was determined by purely 
visual examination, as the load at which waves were first detected by the 
distortion of images reflected in the surface of the stnp. The results of this 
series of tests suggested the existence of a serious discrepancy between theory 
and experiment, in that the “ collapsing loads ” (defined as above), were found 
to be represented by an expression differing in form, as well as in absolute 
magnitude, from the theoretical formula for the " critical load.” Recon¬ 
sideration of the problem in analogy with other types of test on stability, for 
* 4 Proo. Roy. Boo.: A, vol. 105, p. 6S2 (1024). 
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example, strut testing, showed, however, that the expectation of sudden 
buckling at the critical load was not likely to be fulfilled. The lateral deflection 
of an initially bent strut subjected to compressive end load increases progress¬ 
ively as the end load is increased, and an exactly similar phenomenon is to be 
expected in the buckling of a nominally flat sheet, if initial irregularities from 
the plane of the sheet exist. Such initial irregularities certainly existed in the 
strips tested, and therefore additional tests were made in which the growth 
of the amplitude of waving was measured during the test and plotted against 
the increasing loads. It then appeared that the loads which had previously 
been termed “ collapsing loads ” had no relation with instability—the curves 
relating load and amplitude showing no appreciable discontinuity at such 
points. Within a restricted range, the form of the curve relating wave-depth 
and applied load was hyperbolic, as theory would suggest; but in tests on the 
narrower strips, deviation from this theoretical form occurred before any upper 
asymptote, corresponding with the theoretical “ critical load,” had been clearly 
indicated. By analysis of the theoretical wave form determined by Southwell 
and Skan, it was found that the deviation from the true hyperbolic form coin¬ 
cided with the attainment by the tensile stresses, due to bending at the crests 
of the waves, of a value agreeing closely with the elastic limit of the material. 

4. More recently an attempt has been made to analyse the observations 
of load and deflection, that is, the amplitude oi waving, on the lines of a method 
suggested by Southwell in his note “ On the Analysis of Observations in 
Problems of Elastic Stability.”* According to this method, if S be the intensity 
of applied shear stress, and w is the maximum depth of the wave, then within 
a range of small, but not extremely small, deflections it may be expected that 
values of wj S, when plotted against w y will fall on a straight line, and the slope 
of this lino will represent a stress which should be comparable with the critical 
shear stress of theory. Unfortunately, m our problem, the range of readings 
over which the hyperbolic relation can be expected to apply is seriously restricted 
by the fact that at small loads the true wave formed is not properly developed 
and the readings obtained are somewhat irregular (Southwell, loc . cit ). For 
fairly wide strips, a range of readings sufficiently wide to determine the hyper¬ 
bola with fair accuracy is usually available, but for very narrow strips the range 
of readings available may be too short for any estimate of the best fitting 
hyperbola to be made. There is, in addition, some difficulty in the actual 
analysis of the readings obtained; attention is drawn to this in the Appendix. 
Nevertheless, it may be claimed that the analysis of the tests here described 
* ‘ Proo. Roy. Soo.,' A, vol. 135, p. 601 (1932). 
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does indicate upper asymptotes of tho (wave-depth) — (shear load) curves in 
fairly close agreement with the values of the “ critical load ” which are pre¬ 
dicted by the analysis of Southwell and Skan. Although tho tests which have 
been analysed in this way arc not numerous, it is thought that the results may 
be of interest, as indicating in what direction an explanation may be sought 
for apparent discrepancies between Southwell and Skan’s theory and experi¬ 
ments which have been conducted abroad. Since the appearance of their 
paper a considerable amount of work has been done in this field, notably by 
F. BoIIenrath,* but notwithstanding the care with which experiments have 
l>een conducted, discrepancies between theory and experiment are reported 
without any attempt to explain them In this paper we have tried to show 
that our sheared strips, although imperfectly flat, did behave as theory would 
predict, until an amplitude of waving was attained which can bo seen to entail 
failure of thoir elasticity. 

5 Description of Mode of Test .—-The mode of test adopted in the experiments 
consists m the application to the edges of a long strip of the material of shearing 
forces in the plane of the strip. The apparatus used is shown m figs. 1 and 1(a). 
The strip is rigidly clamped between three parallel pairs of bars, two of the 
pairs being fastened to the edges of the strip and the third being arranged 
midway between them. The central bar is attached to the upper head of the 
testing machine, whilst the edge bars aro connected through links to a plate 
attached to the lower head of the testing machine. In this way equal loads 
are applied simultaneously to two identical specimens, one on each side of the 
central member; the edges of the strip are constrained only to remain in the 
original plane of the strip. 

In all the tests in which measurements of wave-depth were made, the ratio of 
the length of the specimen to the free width was 20:1; and the regularity 
of the resulting wave systems showed that this ratio gave a close representation 
of the case of an infinitely long strip—the theoretical case which it was required 
to reproduce. The boundary conditions at the short edges of the strip are of 
no importance if the strip is long enough to be considered infinite. In some of 
the tests these edges were left free ; but in some of the later tests they were 
clamped between hard-wood blocks, in order to avoid the production of 
localised waves at the ends before general waving occurred. With the same 
object, in some of the later tests, the links connecting the edge bars to the lower 
head of the testing machine were spread-eagled, fig. 1, so that their lines of 

* F. BoIIenrath, 1 Luftf&hrtforo.,’ vol. 6 , p. 1 (1929); S. Bergmann and Reiuner, 
* Z. Metallic,/ vol. 20, p. 475 (1929); Seydel, 1 Luftfahrtfors./ vol. 8, p. 71 (1930). 
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action passed approximately through the tops of the inner edges of the strips 
under test. This was done with the object of minimising the small bending 
moments imposed on the strips when the loads were applied parallel to the 
edge bars—bending moments which, by setting up transverse compressive 



stresses in the lower ends of the strips, tended to cause the specimens to collapse 
from the bottom upwards 

6. Theoretical Investigations .—A complete analysis of the stability of an 
infinite thin strip subjected to shearing forces along its edges has been given 
by Southwell and Skan (loc cU.). They showed that the load (S) per unit 
length of the strip, which will just cause buckling, should be given by the 
formula 

s = A *rr^ a ’ (!) 

where 

E — Young’s modulus of material 

a ~ Poisson’s ratio of material ^ in any consistent system of 
2 h — Thickness of material units, 

26 = Width of strip ^ 

and where A — 22*18 if the edges of the strip arc clamped or 13*21 if these 
edges are simply supported. 

Since an infinite length of strip was considered, the wave forms corresponding 
to these buckling loads were necessarily periodic in the direction of the length 
of the strip and the ratio of the wave-length to the width of the strip was found 
to be 1*6 in the case of clamped edges or 2*67 when the edges were simply 
supported. If initial irregularities are present in the plane of the sheet, there 
will in general be a component of the wave form corresponding to the first 
buckling load defined by equation (1) above. If the initial amplitude of this 
component be w 09 it may easily be shown that the effect of a shear load S 
is to multiply this amplitude in the ratio S/(S 0 — S), S 0 being the buckling 
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load. Thus, if simultaneous values of S and to be recorded, they should satisfy 
a relation w «= 8io 0 /(S 0 — S) and from the experimental points, the values of 
8 0 and to 0 may be determined (Southwell, loc otf,). 

7. Measuretnent of Wave-depth, —The results of the tests in which measure¬ 
ments of wave-depth wore made indicated that a process of gradual waving, 
culminating m elastic failure m bending at the crests of the waves, was a feature 
of all the tests. Accordingly, the only process available for the determination 
of the true buckling load is that based upon the presumed hyperbolic relation 
between the wave-depth and the load, and described by Southwell {loc. ci£.), 
therefore only those tests in which measurements of wave-depth were made 
could be utilised 

The measurements of wave-depth were obtained in the following way. The 
pointed ends of two rods, rigidly connected by two cross members, were held 
in contact with the surface of the strip, in such a manner that the line joining 
the points was parallel to and midway between the long edges of the strip. 
The distance between the points was adjusted to one-half the expected wave¬ 
length and a measure of the wave-depth was obtained by recording the tilt 
of a mirror attached to the frame connecting the two pointed rods. Correction 
for tilt of the whole apparatus was obtained from the readings of a second mirror 
attached to the frame of the testing apparatus as close to the tilting frame as 
possible. 

The tests were carried out on a series of strips all 0*0126 inch m thickness 
and J, |, 1, lj and 1J inches in width ; the length of the specimen tested was 
in overy case twenty times the width. The readings obtained from the 
deflection meter actually represent values of the expression 12,000 wjh . The 
value of the deflection meter reading at each value of applied shear load for 
each strip is given in Tabic I, and in figs. 2 and 3 also, the actual deflection 
meter readings have been used. The actual wave-depth can in any case be 
determined by multiplying the deflection meter reading by 6/12,000. 

8. Analysis of Experimental Results .—In fig. 2, the values of u>/S derived 
from these data have been plotted agamst w for each strip and the value of 
S 0 has been determined by the best fitting line through the plotted points. 
Two difficulties arise in this analysis; one of them is of general application 
and is discussed by Southwell; the other is associated with determining 
the best fitting lme. In justification of the results obtained a short note 
on the nature of the difficulties is given in the Appendix, together with a 
description of the approximate method of least squares which has been used 
in the determination of the best fitting line. This method has been used, not 
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in the hope of obtaining more accurate results, but with the object of eliminating 
the personal error in judging the best straight line through the experimental 
points. 



Fio. 2.—Determinations of buckling load from measurements of wave-depth. 

X Strip DGLI, 160—1$ inoh width (u>/S plotted from 0 as zero). 

O Strip DGLI, 167—1J inoh width (w/S plotted from 10 as zero). 

+ Stnp DGLI, 166—1 inoh width (w/S plotted from 10 as zero). 

A Strip DGLI, 166—f inch width (w/S plotted from 20 as zero). 

Strip DGLI, 164—| inoh width (w/S plotted from 30 as zero). 

In Table I, the theoretical values of the buckling loads are given, together 
with the values deduced from the wave-depth measurements. The ranges of 
the deflection meter readings that have been used for the determination of 
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Table I.—Details of Strips Tested and Measured ValueB of Wave-depth. 


Reference mark of slrip.| 

DOLL 104. 

DGLI, 155. DGLI, 150. 

DGLI, 167. DGLI, 150. 

Width (inches) 

i 

j 

i ! 

I 

H 

n 

Length (inches) 

. _ i 

10 

ir» 

20 1 

25 

30 

Thickness (inches) 

0 0120 

0 0120 

0 0126 

0 0126 

0 0126 

Theoretical buckling 
load (tons) 

10 3 

10 6 

8 2 

6 5 

54 

Buckling load estimated 
from wave depth read¬ 
ings (tons) 

1 

11 4 

6 06 

6 86 

6 20 




Shear load 
(tons) 

0 2 

0 

ft 

ft 

0 

Shear 

load 

(tons). 

0 26 

Wave- 

depth.* 

0 

0 1 

0 

0 

j 

. 

I 

0 50 

1 

0 o 

1 

7 

5 

*> 

0 75 

0 

0 8 

o 

0 

S 

3 

1 00 

10 

1 0 

3 

12 

10 

4 

1 25 

12 

12 

0 

14 

11 

0 

1 50 

18 

1 i 

H 

15 

14 

0 

1 75 

20 

4 1*0 

10 

18 

18 

11 

2 00 

25 

1*8 

12 

20 

21 

12 

2 25 

31 

20 

10 

21 

24 

11 

2 50 

30 

2 2 

20 

23 

20 

17 

2 76 

48 

2*4 

23 

20 

33 

19 

3 00 

68 

2*0 

27 

] 2» 

40 

22 

; 3 25 

70 

2 8 

30 

3, 

47 

25 

3 50 

90 

3 0 

35 

j 33 

53 

27 

3 75 

115 

3 2 

30 

! ~ ~ 

02 

32 

4 00 

160 

3 4 

45 

i 

42 

74 

35 

4 25 

195 

3 0 

50 

48 

80 

40 

4*60 

252 

3 8 

67 

52 

104 

! 45 , 

4 75 

323 

4 0 

06 

i 00 

, 

127 

52 

5*00 

401 


* Tho values of deflection reading used for determining the critical loads are those included 
between the horizontal lines marked in the table. 
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the critical loads are indicated in Table I; in every case the readings corre¬ 
sponding to very small wave-depths have been neglected ( loc . cU. 9 § 10). 

9. Fig. 2 and Table I show that, when analysed in this way, the results of 
tests on fairly wide strips do indicate a definite and close agreement with 
theory ; the values of the critical loads thus determined from the experimental 
results of the tests on the strips DGLI, 150, and DGLI, 157, agree closely with 
the theoretical values and are, moreover, very little affected by Bhift of origin, 
etc. (see Appendix). In the tests on the narrower strips, the range of points 
available for analysis is so seriously restricted between the initial irregularities 
and the point of departure from linearity duo to the commencement of elastic 
failure, that the value of the critical load is not clearly defined ; m the case 
of the strip DGLI, 156, this restriction was rendered still more severe by the 
relatively great depth of the initial irregularities. Nevertheless, it may be 
claimed that the results obtained do indicate buckling loads in close agreement 
with the theoretical values; although they must also be regarded as emphasising 
the necessity, in practical design, of combining with a consideration of actual 
stability a consideration of elastic failure consequent upon the initiation of 
buckling. 

10. Effect of the Elastic Limit and of Permanent Waves on the Process of 
Oradual Waving. —In this connection attention may be drawn to a conclusion 
which constitutes perhaps the most definite result of the present tests. By 
calculations based upon the theoretical wave form determined by Southwell 
and Skan, it was found that the tensile stress (p) due to bending at the points 
of maximum curvature of the strip was given by the formula p = 8*18 E hjb 2 to f 
where iv is the wave-depth and where E, h and b are as defined in § 6. For the 
particular strip material tested, this formula indicates that the stress p will 
exceed the elastic limit of the material, if w is greater than 1-05 b 2 /h X 10“ 4 . 
The deflection meter readings used for the wave-depth measurements through¬ 
out the present paper actually represent values of wjb , the unit of the scale 
corresponding to a wave-depth of 6/12,000 mches. Thus the actual deflection 
meter reading at the elastic limit should be equal numerically to 2006. 

Three difficulties arise in applying this result to the experimental tests. 
Firstly, since the development of waves was not in general uniform over the 
whole length of the strip, permanent waves would be produced locally before 
the average wave-depth exceeded the critical value. Secondly, the deflection 
meter was not always placed exactly over a crest and hollow of a wave, so that 
the wave-depths recorded did not aways represent the full wave-depth even 
of the one wave. Thirdly, the maximum tensile stress due to bending alone is 
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not the true maximum tensile stress in the strip, since,in addition to the bending 
stresses due to waving, there is a uniform shear stress in the sheet. In order 
to eliminate the error due to this last cause, it would have been necessary to 
consider wave-depth and shear stress simultaneously, and since this could only 
be done by reference to the experimental results, the process would have been 
somewhat complicated. On the other hand, due to the other two causes, 
permanent waves were formed when the measured wave-depths were well 
below the limiting values theoretically determined ; accordingly it was decided 
to consider all three sources of error as acting together to reduce the value of 
the measured wave-depth at which permanent waves were first observed. 

In some of the tests the load was applied in several stages, and between 
each stage the load was removed and then again applied in small increments 
up to the maximum load previously attained. In this way a series of curves 
was obtained connecting wave-depth with sheaT load, in addition to actual 
measurements of the depth of the permanent waves produced. Now, if the 
shear load S is connected with the wave-depth w by a relation w -■= St 0 o /(S o — S), 
where is the initial (average) wave-depth and where S 0 is the theoretical 
buckling load, then the initial slopes of the S — w curves will represent the 
ratio w 0 f S 0 ; thus, if the value of S 0 be assumed, the values of can be 
calculated from these initial slopes. The values of w 0 thus determined should 
be equal to the value obtained in the first test (when the elastic limit had not 
been exceeded), plus the depths of the permanent waves produced; hence, 
if these values of w 0 be plotted against the readings of permanent wave-depth, 
the result should be a straight line, the slope of which should represent the 
ratio of the measured wave-depth to the true average wave. 

This analysis was carried out in the case of one strip (DGLI, 156) and the 
results are shown in figs. 3 and 3 a. It will be seen that a good straight line 
was obtained, and that this line indicated a ratio of measured wave-depth 
to average wave-depth of approximately 1: 2*62. Now permanent set in the 
average wave should (according to calculation) have commenced when the 
average wave-depth was about 100 (width of strip = 1 inch), when the measured 
wave-depth would be 100/2-62 = 38. Reference to fig. 2 will show that when 
the recorded wave-depth was 38, departure from the hyperbolic form was just 
commencing. 

Summary. 


The paper describes the results of tests on the buckling of long strips of 
material under the action of shearing forces applied along the edges of the strip. 
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The test was designed in the first place as an acceptance test for thin strip 
material; but m the present paper attention is paid only to the theoretical 
aspects of the tests. The buckling load of an infinitely long strip has been 



Fig 3.—Loewi deflection ourvos for the atrip DGLT, 156. 


determined theoretically by Southwell and Skan, and in the present paper it 
is shown that, if the effect of initial departures from plamty of the strip be 
taken into account, the buckling loads determined by experiment are in good 



Fig. 3a.— Determination of ratio of measured wavo to average wave by measurement of 
permanent set. (Specimen DGLT, 156.) 


agreement with the theoretical values. This agreement has been demon¬ 
strated by plotting the depth of the waves produced against the shear load and 
by determining the buckling load on the assumption, which is justified by the 
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experimental results, that these quantities fulfil the hyperbolic relation pre¬ 
dicted by theory. 

Acknowledgments. 

The authors wish to express their thanks to the Department of Scientific 
and Industrial Roscarch and to the Aeronautical Research Committee for 
providing facilities for carrying out the above research and for granting per¬ 
mission for the publication of the results. The authors wish also to acknowledge 
the help received from Mr. S. J. Wright, M.A., who, until he left the Laboratory, 
was intimately concerned with the work, and from Professor R. V. Southwell, 
F.R.S., who lias rendered valuable advice and suggestions throughout the 
research. 


Appendix. 

Notes on the. Analysis of Observations believed to obey a Hyperbola Law . 

If a series of simultaneous values of two variables S and w are believed to 
obey a law of the form Sw + oS -f- bw -f- c = 0, the most probable values of 
a t b and c can be determined by estimating their values by any method and 
then by obtaming corrections to these estimated values by the ordinary method 
of least squares. Unless the curvature of the hyperbola is very well defined, 
however, this method is scarcely feasible owing to the extraordinary accuracy 
necessary in the arithmetical working. This difficulty can be avoided if, by 
choosing a suitable origin, the constant o is eliminated, when the method of 
analysis described by Southwell ( loc . cit.) becomes available; Southwell has 
pointed out (loo. cit., § 10) that by plotting from several different origins, the 
value of c can be determined by choosing that origin which yields the best 
straight line. 

A second difficulty arises if the method of reciprocal plotting, described by 
Southwell, does not indicate any definite straight line; for the method of 
least squares cannot be applied directly to the derived quantities (e.g. t wj& in 
the present paper). The results obtained in the tests on strip m shear are 
such that some systematic method of determining the best-fitting straight lino 
is definitely required. Accordingly, the following method has been developed. 

Since the values of the shear load S can be assumed to be without error, it 
is required to choose the constants S 0 and w 0 so that the sum £ (w — «/) 2 is 
a minimum, w* and w being the values of the wave-depth as actually recorded 
and as given by the formula to = 8w 0 /8 0 — S respectively. Owing to the 
occurrence of (S 0 — S) in the denominator of the expression for (w — w') r the 



Stability of Thin Strip Material. 


157 


equations which express the conditions for a minimum value of E [(«> — u/) a J 
do not yield simple expressions for S 0 . But this difficulty disappears if, 
instead of E [( w ' — w) a ], the sum E [(w f — w) w'jw\ 2 is made a minimum, since 


i* \ w ' / I r (S 0 — S) ,1 

iw —w)^ — w \w hJL-- — 1 

w l Sw; n t 


and therefore the conditions for a minimum value of E [(«/ — w)w'/w] 2 reduce 


to 


y ^ /3 f w' (S 0 — S) 

« r s 0 




The justification for this procedure consists in the fact that, for all but the 
smallest values of w ' the values of w’ jw are all nearly unity ; hence the adjust¬ 
ment merely results in weighting the lower values of w somewhat erratically. 
These lower values of w f have very little effect on the final result, but, if for 
other reasons, these values are neglected, even this source of error is eliminated. 

On the basis of the criterion E{(w' — w) w'Jw } 2 to be a minimum, the best 
value of S 0 is given by the formula 


Q _ 4/1.0/0 — -i/o . 0(1 

0 ~ 4 / 2 . 3/0 — 4 / 1 . 3/1 ^ 


and of w 0 by the formula 


( 4 / 1) 2 - 4 / 0 . 4/2 
4 / 2 . 3/0 - 4/1 . 3/1 ’ 


where mjn stands for E w' m /S n . 

The values of the critical load determined from the experimental results 
and tabulated in Table I have been obtained by means of the formula above. 
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Long Wave Transmission, treated by Phase Integral Methods . 

By T. L. Eckersley. 

(Communicated by W H. Ecoles, F R.S.—Reoeived January 29, 1932— 
Amended April 21, 1932 ) 

Tho effect of a sharply defined upper conducting layer m guiding long wireless 
waves round the earth has been considered by G. N. Watson,* who gives a 
very comprehensive mathematical analysis of this case. 

Recent investigations of the upper Konnelly Heaviside layer by many 
investigators in England, America, Germany, etc, leave no doubt that the 
ionised conducting layer in the upper atmosphere is not sharply defined and 
the transition region from zero to maximum electronic density and con¬ 
ductivity may comprise many wave-lengths of the wave considered. 

For example, in the lower ionised layer (E layer) at a height of approximately 
100 km. the electronic density begins to be appreciable at about 80 km. and 
reaches a maximum at some 100 to 110 km. 

Tho transition distance is of the order of 20 to 30 km. and the layer cannot 
be considered as sharply defined for any wave-length in the radio range, say, 
up to 25 km. 

Watson’s analysis is not adequate to describe the nature of radio trans¬ 
mission. It requires extending to cases of ill-defined layers. The short wave 
range 10 to 100 m. can be adequately treated by means of a geometrical ray 
theory. For such wave-lengths and in regions above 80 or 90 km. the ionised 
layer acts as one of variable but real refractive index less than unity, and the 
effective electronic density gradient is so small compared with the wave¬ 
lengths that geometrical ray methods can be used. 

The refractive index p is real and less than unity because with such waves, 
the electrons move relatively freely in the field of the wave, that is to say, 
they can execute vibrations to and fro in the average time t between colbsions, 
t.e , (t ^ 10~ # seconds). 

With longer waves the conditions are quite different. 

In the first place, although the layer is graded, the change of effective re¬ 
fractive mdex in a wave-index may be quite rapid enough to invalidate the 
use of ray methods. Also for such wave-lengths the refractive index is no 

•* Proo. Roy. Soo,, 1 A, vol. 95, p. 540 (1919). 
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longer real. The electrons may make many collisions with molecules during 
a time period of the waves and the conveotion current is in phase with the 
electnc force and 90° out of phase with the displacement current. In such a 
case p a — 1 is practically purely imaginary. The constant phase surfaces, 
the normals to which determine rays in the usual sense, and the constant 
amplitude surfaces, which determine the direction of energy flow, are not the 
same, and ray methods are not adequate. A complete analysis on the lines 
carried out by Macdonald, Love, Nicholson, and Watson is required. 

The simplicity of geometrical optics is lost in a maze of symbols complex 
even in the case of the simplest distribution of electronic concentration. 

The phase integral method, previously described by the writer,* is particularly 
appropriate for treating such problems as these, and can be used to extend 
Watson's analysis to cases where tho reflecting layer is not well defined. 

The full wave analysis of the transmission between spherical conducting 
shells leads to an expression for the field intensity as the sum of terms of 
the form 


A. 

(sin 0)* 


. cos (n,0 — tc/ 4 ). 


( 1 . 1 ) 


The main part of the analysis consists in determining the values of n, finite 
in number, which fix the transmission characteristics of the waves. 

These proper values, as they may be called, on account of their formal 
relation to the proper or Eigen values of quantum analysis, can be simply 
determined by phase integral methods, when the reflection coefficient of the 
upper conducting shell or Heaviside layer is known 
Thus it is shown that if the reflection coefficient p js p = e” 6 * where 
the imaginary part of represents the phase change and the real part the 
amplitude alteration at reflection, then the phase integral rule gives the 
following: 

where S is an integer, X = wave-length, r = distance from earth's centre, 
and the values of w, which satisfy this condition are the proper values of the 
direction cosines of the waves, complex when attenuation ensues. 

n t can bo determined from the above equation, the imaginary part of it 
giving the attenuation coefficient. 

* • Proo. Roy. Bool,’ A, vol. 132, p. 83 (1031). 
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Thus if 8 <f> is given, the attenuation of each proper value, corresponding to 
each integral value of S, is given. 

The problem therefore resolves itself into the determination of the 
reflection coefficient, of the assumed layer (graded vertically) as a function of 
the angle of incidence of the wave normal and the constants of the layer. 

In general, where the height of the layer is small compared with the radius 
of the earth and where sin 0 is not too small, 0 being 90 — where ^ is 
the angle of incidence of the wave on the layer, the phase integral 


2 . 


2t» f r - +H / 1 

«(» + 1) x 2 ) 

X Jr, l 

(2w)« J 


dr 


(1.3) 


can be replaced by the equivalent integral for the case of two planes, i.e 


2ni 

X 



dr — ~ 

X 1 


(1.3) 


n t ~ sin 0. 

In all the cases considered, however, where the upper layer is graded the 
reflection is greatest and the attenuation least for nearly grazing angle incidence, 
and thus it is only the waves of grazing incidence that are of practical import¬ 
ance. 

It is the wave that is practically tangent at the earth’s surface which has the 
largest angle of incidence at the layer, and hence it is such a wavo that we are 
most concerned with. In this case 


for 

and 


n (n + 1) X 8 
(2*r 0 )’ 

710 


1 very nearly, 

27tr Q 0 

X 


exp i (i?0 — ])i) ~ exp t 


j'27tr fi 0 



(1.4) 


which represents a wave travelling parallel to the earth’s surface, 
to investigate the value of the phase integral in such a case. 
Suppose 


1 


n (n + 1) X g 

(2w 0 )> 


= 1 — m 0 a 


= n 


3 

0 * 


We have 


(1.5) 


where w 0 is very small. Then since r is nearly equal to r 0 m the whole range 
of integration, we may put, as a close approximation 




( 1 . 6 ) 
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where 
which is 


S = r — r 0 , 


am n 


«o* -i- 


* \a/a 'I 
^2 H) — n 0 3 


(1.7) 


For the tangent ray n 0 can be neglected and »i 0 — 1 and this becomes 


|H V— • (1 8) 

r o 

Now \/ — = sin 8 0 where 0 O is complement of the angle of incidence at 

the layer of the wave tangent at the earth's surface. 

Comparing this with the plane layer case we see that it is of the same form 
as Hsm 0 o , but the equivalent value of sin 0 O is 2/3 sin 0 O . We shall use this 
value throughout in the following investigations. 

§ 2 The general differential equation must take into account the direction 
of polarisation of the electric force 

It follows from Maxwell's equations that for transmission in a region of 
variable electronic concentration these equations are, when X, Y, Z have the 
factor e 2 " 1 "*, 


** x +l? /(‘ - $> x -cr=^ w -¥- # 

'. 1 -$) Y -r,T=W* BV -£-° >■ ‘ 2 » 


V r Z + (%)*(l - ^IZ - 

'A vj“ / 


dz 1 — v 0 2 /v 2 


EV . % = 0 


where X, Y, Z arc the components of K, the electric force, 


v — frequency, 

X = wave-length, 

Nc^c 2 

v, q 2 ■= —-— --, which in respect of N is a function of r, y, z , 

7zm(l -f- wt) 



T — time period of waves, 
t == mean time between collisions = l/v c . 


VOL. OXXXVII.—A. 
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We have to deal, almost entirely, with the case where the gradient of N, the 
electronic density, is almost wholly vortical, m which case (z being vertical) 


and 


V + ( y‘ “ - $> z - 1 — ^ z i #) - “• < 2 2 > 


sin* 0 _ ^ y _ £ 


dy 1 — v 0 a /v 2 <Zz \ v 1 




Y being normal to Z and the ray direction. 

Where the electric force is polarised wholly horizontally, Z = 0, and remains 
everywhere zero, and 


,/te« 

dz a T \ X / 


(sm 2 6-fl.) Y = 0, 

\ v* / 


(2.4) 


the normal ray differential equation. 

When the differential equation is 




wliich is of the form 

where 

and l = v 0 /v 


« + p« + Qbs o 

Ur« Ufa 


( 2 . 6 ) 

(2.7) 

( 2 . 8 ) 


« = (?/{<""'• 9 - 5 , )+(s> , f) z - 

If we substitute Z = ZjV 1 — i; 2 , then the differential equation for is 

S’+{(f)* ( ™’ •-«+»(!-» *■)} z > - »• <m> 


in which the correction to the normal differential equation is 



This quantity, according to (2.7) above, is sufficiently small if the gradient 
d^jdz is sufficiently small. 

Thus for small gradients the normal differential equation, independent of 
the direction of polarisation, suffices. 
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For example, a uniform gradient c? = zjz 0 , where ? 0 ‘is the height at which 
total reflection occurs, then 


dz % 


+ f^) s |sin 2 e - - - i (~ I* ■ 1 Z, 0, 

'X/ l Z Q \ ItZZq (l — Z/Zn) 2 1 


( 2 . 10 ) 


i.e., the correction term has the factor (X/27tz 0 ) a and is proportional to the 
gradient of N, and is only significant in the total reflecting region (z — z Q ). 


§3. Examples. 

Some simple examples of re flection coefficients have been worked out to 
illustrate the behaviour of long waves in various circumstances. 

The simplest case of all is that of a sharply defined layer, for which the 
analysis is given in order to contrast the transmission characteristics of 
horizontally and vertically polarised waves. 

Vertically Polarised Wave.—If a is the conductivity EM units, X the wave¬ 
length and c the velocity of light, then the reflection coefficient of a sharply 
defined layer of theso constants is approximately wheie 

U=2 r e~"/\ (3.1) 


x = 2a Xc, and » is the direction cosine of the normal to the wave front on the 
vertical z axis. 

Employing the phase integral relation, we find that so long as x 1 and 
S = 0, the attenuation coefficient is 


i.e„ (3.2) 

_L 

2H W 2 / 

p = resistivity — i/a, 

p = 27tv, 


which agrees with the value obtained m the pure wave theory for trans¬ 
mission between layers. Also, if S is a positive integer, the attenuation 
coefficient is 


5 ©/’ 


(3 3) 


m 2 


double the previous value. 




when* (oe t ) is the attenuation of the vertically polarised wave of any but the 
zero order. 

For small angles, this is very much less than the attenuation of the vertically 
polarised wave This is, of course, connected with the fact that the reflection 
(oefficient for horizontally polarised waves is very much greater than for 
vertically polarised rays, especially for large angles of incidence (n small). 
For vertically polarised rays, there is a critical angle given by n -- l/2x* for 
which the reflection is a minimum (i.e , Brewster's polarising angle). 

The results for metallic reflection are shown in fig 1 



Fig. 1.—Ground Reflection. X = 30, K = 6, <r = 1/(2 x 10 1 *). 

-Vertically polarised ray. 

.Horizontally polarised ray. 
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It will bo soon that tho reflection for the vertically polarised ray is always 
less than that for the horizontally polarised ray. 

This form of the functional dependence of the reflection coefficient on n 
results in tho two forms of attenuation coefficient for the vertically and 
horizontally polarised waves shown above. 

For the vertically polarised waves 0 > 0 o , tho reflection impiovos as 0 
increases. Therefore waves of high angles are better reflected, i e , lose less 
on reflection, but in order to travel over a given distance they have to make 
more reflections ; tho two effects, therefore, compensate, and tho attenuation 
of the various order rays is the same 

On the other hand, the horizontally polarised waves are worse reflected the 
higher the angle ; they also make more reflections over a given distance with 
the result that the attenuation rapidly increases with the angle of elevation as 
in formula (3 5). 

Case where N ac z 2 .—The next is an example when* the electronic concen¬ 
tration vanes as the square of the height. 

This case is of importance because actual measurements show that the 
electronic density in tho E region of the Kennelly Heaviside layer varies 
approximately m this manner. 

We assume that 


z* (1 + ta) 


Ne 2 c 2 

7T/MV 2 (1 + 


(3 6) 


a = v„/&7cv, where v c is the collision frequency. According to I)r Burnett, 1 " 
the numerical constant k — 3/2, where v fl 2N l ? 2 y'7t jhm in his notation is 
the collision frequency and a is small. Where a is large k - lfi/Ibr. From 
(3.6) z 0 , the depth of penetration is m this case proportional to v. Put 

z 0 ' = *o(! + **)• 

Wo use an extension of tho result of Hartree,f who shows that when 
27 ^ 0 ' sm 2 0/X is large 

8<f> — 1 s i n 2 0 — \id. (3.7) 

X 


Using the phase integral method for a plane layer tho attenuation coefficient 
becomes (when a is small) 


3 7& n a* sin 8 6 _ 3 (?„),, ■ X t v,* 3 Q 

2 XH 2 3/> cos 0 2 (2 X)** C* H cos 00 ‘ 


(3.8) 


* ‘ Proo. Camb. Phil. Soo.,’ toI. 27, p. 681 (1931). 
t ‘ Proo. Roy. Soo.,’ A, roJ. 131, p. 428 (1931). 
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where (z 0 ) x . Xj is the penetration distance at a wave-length X x and is a 
constant. 

When, however, 27K 0 'sin a 0/X is not largo we have to distinguish between 
two cases (a) where the wave is polarised with the electric force horizontal, 
(6) electric force vertical. 

It follows from (2 5) that the normal differential equation (2.4) is only 
appropriate to the ease (a) horizontally polarised wave ; the reflection of the 
vertically polarised waves depends on the solution of the more complex differ¬ 
ential equation (2.5). 

Considering then (a) only we find that the phase change on reflection is 
given by 

= •rit+n"*"' <M) 

where 


c 2 - n 
\ --- —2. am 2 0 

A 

when £ small compared with 1, 

ri(S + 3)/r*« + i) 


is approximately 1/3, actually 


1/2*97 = 1/p, say, 


tanirr 

2 


if £ is small, tan % S<£/2 is large, and 


. 8<f> 7t , 
•y-* — - nearly. 


Let % — x — vt/2, y small, then 


x=m 


approximately, and i$<f> the change of phase at reflection is 

K*-«. 

The phase integral relation for this case gives 

y 2 . | sin 0. H + * - tit = 2t»S. 


(3.14) 
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Now £ in this case, where a is large, is (2n/X) z 0 \Zisc sin 8 6, and wc get, if 
we put n = w 0 + *$ w o> where n 0 is the eigen value, 

s _ y».i si« */8. 

0 2H • 2/3 + y «» */ 8 

where 

HUM! 

and the attenuation constant is 

2n am 0 g _ 2n sin 2 Q y sin it/8, 

X cos 0 n ° X (2H . 2/3 -f ycosn/S) 

4/3 H is in general y cos tt/ 8, and the attenuation constant varies inversely 
as X 1 and directly as (z 0 ) A| * K*- 

The transmission characteristics of this graded layer m which N x z 2 , as 
well as others m which N « z and N x e~ s/z % the discussion of which is 
omitted here for want of space, can be summarised as follows. 

The attenuation constants « for all types of graded layers have certain 
features in common . — 

(1) a is some inverse function of the gradient of the electronic concentration 
so that the less the gradient the greater the attenuation. 

(2) a is in every case inversely proportional to the height of the layer above 
the earth. 

This is a general characteristic of transmission between layers, and 
may be explained physically on the following grounds. 

The bounding walls take a certain toll of energy, depending only on 
E, the electric force, and the constitution of the layers. The store of 
energy to be drawn from is, however, proportional to the distance apart 
of the layers, therefore the percentage of energy lost per unit distance 
is less the greater H, % e , the attenuation constant varies inversely 
asH. 

(3) The attenuation in every case varies inversely as some power of X, i,e. t 
is less the greater the wave-length. 

This is because the specific resistance of the layers, considered as 
guiding conductors, decreases with increasing wave-length. 

(4) High angle transmissions are normally much more attenuated than 
gliding angle waves. 

This is, of course, associated with the fact that in all cases of a not 


(3 15) 
(3 16) 
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too sharply defined layer, reflection is best for glancing incidence and 
rapidly decreases for higher angles. 

(5) The attenuation decreases with increasing ionic concentration, other 
quantities remaining fixed; this decreases the resistance of the guiding 
walls and so decreases the loss. 

(6) The attenuation increases with increasing collision frequency, for, other 
quantities remaining constant, this increases the resistance of the 
guiding walls. 

§ 4 Experimental Ewdence . 

The experimental evidence obtained from a number of sources* is best 
exhibited in the form of a curve, fig. 2. 

A - 

The transmission formula --—.c aJ has an exponential factor e ad which 

(K sin 0)* 

represents the attenuation of the waves. 

If d is taken as 1000 km. the factor exp (— a 1000) expressed in decibels will 
give the attenuation characteristics of the transmission. The actual values 
of this quantity plotted as a function of the wave-length are given in fig. 2. 



Wavelength, M - 

Fxo. 2.—Characteristics of long-wave daylight transmission. 


* * J. Inst. Eleo, Eng. Lond.,’ vol. 63, p. 933 (1925), Espensohied Anderson and Bailey, 
1 Bell System Teoh. J.,' vol 4, p. 459 (1925); and * Proo. Inst. Rad. Eng.,* vol. 14, p. 7 
(1926). 
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The quantity even for daylight transmission is not constant but varies with the 
latitude, season,* epoch in the eleven-year sunspot period, and also to a certain 
extent throughout the day. The upper and lower points for given wave¬ 
length give the extreme limits observed. 

The curve A then gives the average attenuation observed on wave-lengths 
between 400 m. and 23,000 m. 

The observed attenuation increases rapidly as the frequency is increased. 

The theory given in tho previous section may bo used to explain the results. 
For a numerical comparison we require to make a definite choice of a model to 
represent the conditions in the Kennedy Heaviside layer 

Experimental evidence of the distribution of electronic concentration in 
tins layer has been obtained by Appleton.* The curve given on p. 33G repre¬ 
sents observations of the measured equivalent path as a function of the 
frequency. The relation is nearly linear, which implies that N, the electronic 
density, vanes in proportion to the square of the height above 82 km. 

We may put N = N 0 (z/z 0 ) 2 where N 0 isthe value of N when z ~ z 0 ; N 0 ~ 10 6 
approximately when z = z 0 ~ 30 km. 

For a complete numerical determination of the attenuation coefficient by 
formulae (3.8) and (3.17) wc require the value of a, % e, vjrzvk, where v 0 is the 
mean collision frequency of electrons and molecules. This, unfortunately, is 
not constant throughout the layer. 

Values of v c are given by S. Chapman for the region occupied by the E layer. 
They are shown in the following table :— 

II 70 80 90 100 110 120 

v c 10? 3*3 X 10® M X 10« 3-5x106 1-2 X 10 5 3-8x10* 

Since the depth of penetration of the waves at glancing incidence is small 
we have taken as a first approximation the value of a corresponding to the 
value of v 0 at the base of the layer, t.e, 82 km.; is then 2-5 X 10°. 

With this data it is possible to compute the values in tho formulas (3 8) and 
(3.17) and to draw the theoretical attenuation curve. 

Tho nature of the formulae depend on (1) whether a is large or small, (2) 
whether $ is large or small. As a preliminary, therefore, we can calculate the 
values of X at which a = 1 and I; = 1 respectively. With tho above value 
for v a , a is unity for a wave-length of approximately 300 m. 


♦ * Proc, Phya. Soo./ vol. 42, p. 336 (1930). 
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The value of £ is 


so that 


— z 0 Vl + toe X sin* 0, 
X 


l^j = | y'i sin* 0 


(4.1) 

(4.2 


when a is large. With sin 0 = 0*178 (tangent wave) and z 0 = 3 X X km., 
this becomes unity at X = 1 *20 km. 

With this data the theoretical curve (2) has been constructed. 

For a wave-length about 400 m. the observed and theoretical curves agree ; 
with longer waves the two diverge, the computed values being too small. 

It must, however, be remembered that with the longor waves, greater than 
about 1 km., the computed values only refer to horizontally polarised waves 
while the observed values refer to vertically polarised waves. The transmission 
characteristics of horizontally and vertically polarised waves are only the same 
when I; is large, i.e for wave-lengths below 1000 m. 

The theoretical curves begin to diverge at this point. The correct attenua¬ 
tion values for the longer wave vertically polarised waves depend upon the 
reflection coefficients computed by the more complicated differential equation 
(2.9). 

If we can be guided by the case of sharply defined layers to which limit 
conditions tend as £-*0 we can infer that, as in the cases considered in § 2, 
the vertically polarised waves are much more attenuated than the horizontally 
polarised. This would appear to account for the fact that the computed values 
5 fall below the observed values when i; is small. The high attenuation and 
small reflection coefficient on the broadcast band is adequately accounted for 
on this theory, and it is unnecessary to involve magneto ionic effects as a cause. 

Magneto ionic effects have been neglected, and it is believed rightly so, since 
m day-time the reflection occurs in regions where the collision frequencies are 
large enough to swamp the natural rotation period of the electrons in the earth’s 
magnetic field H 0 , i.e., eH 0 /27im. 

At night-time the layer rises to regions where the collision frequencies are 
some 10 times smaller than in the day-time. 

For such regions magneto ionic effects will have to be taken account of. 

Fig. 3 exhibits very clearly the physical significance of the type of attenuation 
curve observed. 

It represents the depth of penetration of the electromagnetic waves into the 
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layer. In the region where £ is small the intensity in the layer may be repre¬ 
sented at considerable depth in the layer by the asymptotic formula for D„ (z') 

D n (z’) = . z'« [l - + etc., (4.2) 

winch ifl the solution of the differential equation (2 4) when v 0 a /v a — & a /z 0 ' a 
appropriate to the case where E vanishes at z = . 

z ' here is the quantity 



where n is nearly — J for small values of 
With known values of s 0 , the contour at which E is reduced to a certain 
fraction of its surface level can easily be calculated. The portion of the curve 
AB shown in the figure is such a contour for which E is 1/1000 of its surface 
value. Where a is small and 5 large the ordinary ray theory holds and the 
depth of penetration, t.e,, the apex of the ray of incidence 90° — 6, is z 0 sin 6, 
and the portion of the curve (1) represents the penetration in this region. 
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The transition region where j; is neither large nor small is more difficult to 
calculate, but it is clear from physical considerations and questions of con¬ 
tinuity that the penetration decreases to a minimum in the region between 
100 m. where a is small and 1000 m. where £ is unity. The penetration is 
equivalent to the skin effect in an ordinary conductor. So long as a > 1 the 
layer acts as a metallic conductor for which the depth of penetration decreases 
as the frequency increases. The earth and the outer conduetmg shell, the 
Kennclly Heaviside layer, act, opart from geometrical factors depending on the 
spherical shape, as a transmission line, the two bounding shells representing 
the conductors. The attenuation of such a generalised transmission line is 
proportional to the effective resistances per unit length of the two guiding 
surfaces As the frequency increases the penetration decreases, and the 
resistivity of the upper layer increases, and hence the attenuation is greatest 
for the highest frequencies witlun the range for winch the layer acts as a 
metallic conductor, %e , within the range for which a> 1. 

We may say approximately that the large upper layer attenuation is 
associated with the small penetration of the waves into the upper layer m 
these regions. This effect is accentuated by a factor which has been neglected 
m this analysis, i e , the decrease of the collision frequency with the height 
above the surface of the layer. This in general causes an accentuation of the 
attenuation as the penetration decreases, for where the penetration is small 
the energy is confined to regions near the base of the 1 layer where the collision 
frequency and therefore the specific attenuation is greatest 

Summary . 

The phase integral method* is shown to lead to appropriate solutions of 
the problem of the transmission of long wireless waves guided round the 
earth’s surface by the upper conducting Kennedy Heaviside layer. 

The problem of a sharply defined upper conducting layer has been considered 
by G. N. Watson. In this paper the extension to the case where the layer is 
stratified in a vertical direction is considered. The phase integral method can 
be used when the reflection coefficient of the layer as a function of the angle 
of incidence is known 

It is shown that the 1 ransmission characteristics of horizontally and vertically 
polarised waves are different when the electronic gradient is great enough. 
The example of a layer in which the electronic density N is proportional to the 


* 4 Proo. Roy. Soo./ A, vol. 132, p. 83 (1931). 
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square of the height is discussed, and used to give a theoretical interpretation 
of the observed results in long-wave transmission. Fair agreement is obtained 
for wave-lengths between 400 and 1000 m On longer waves the theoretical 
and observed attenuation curves diverge, the former only applying to hori¬ 
zontally polarised waves and the latter to vertically polarised waves The 
physical significance of the wave-length attenuation relation is considered to 
be associated with the penetration of the waves into the layer, the attenuation 
being greatest where the penetration is least. 

In conclusion, I should like to expiess my thanks to the Marconi’s Wireless 
Telegraph Company for allowing me to publish these results. 


The Excitation Function of Hehum. 

By J. II. Lises (H. H. Wills Physical Laboratory, University of Bristol) 
(Communicated by A P Ckattock, F R 8 —Received Febiuury 11, 1032.) 

[Plate 10.] 

L hitiodmtion. 

There aie two methods of investigating inelastic collisions between atoms 
and electrons. By measuring the energies of the scattered electrons we obtain 
at once the probabilities of excitation to the various levels. Small energy 
differences, however, cannot be resolved electrically and so only the prob¬ 
abilities of excitation to the lower, widely separated levels can be obtained 
in this way. 

In the method described in this paper the intensities of the spectral lines 
emitted by the atoms after collision are measured. It is possible by this 
means to estimate the absolute probability of excitation to a given state by 
collision with an electron of known velocity. The probability of excitation 
to a given state plotted as a function of the velocity of the exciting electrons 
is known as the excitation fimetion of that excited state. 

Although much work has recently been done on this subject, every deter¬ 
mination of the excitation function so far made has been open to criticism. 
In every case an electron beam of known velocity is passed through helium, 
and the spectrum of some point in the beam is photographed at various electron 
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velocities. Clearly it is most important to know the electron current density 
at the point photographed, and not merely the total current in the electron 
beam. This has not been done in any previous work, which is therefore liable 
to very considerable errors due to changes in the shape of the beam. 

In the work to be described this source of error is eliminated by photo¬ 
graphing a complete cross-section of the beam; this allows not only the 
integration of the total intensity in the beam, but also makes it possible to 
detect and, if necessary, to allow for any background of diffuse light due to 
scattered electrons or any other cause. The results show only a general agree¬ 
ment with those previously obtained. 


2. Apparatus. 

The apparatus is shown in fig. 1. The eloctrodes are partly of molybdenum 
and partly of staybrite steel, and are enclosed in a glass tube 5 cm. diameter 



and 30 cm. long. The filament (F) is an oxide-coated platinum strip suspended 
for convenience in renewing, from a ground glass joint at one end of the tube. 
In front of the filament is a plate (SJ with a slit 5 mm. by 1 mm. which is used 
for accelerating the electrons away from the filament, and beyond this slit 
is the field free box. This consists of a second slit (S a ) of the same dimensions 
as the first, with behind it a cone (R) which collects the electrons. The cone 
has two discs across its mouth, each pierced with a large slit intended to prevent 
the escape of scattered electrons; it is between these discs that the light is 
photographed. This arrangement for measuring the light at the point where 
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the electrons enter the measuring collector makes the actual current and the 

measured current identical at all values of the mean free path, so that variations 

% 

due to change in electron voltage or in helium pressure do not affect the 
accuracy of the current measurement. No special window is necessary as the 
tube itself is sufficiently transparent, and a slight distortion of the image of 
the electron beam does not matter. A light trap, however, is essential to 
avoid reflected light being photographed, and this takes the form of a bent 
glass cone attached to the tube opposite the spectrograph. 

The apparatus is connected through a charcoal tube in liquid air to the pumps 
and to the helium supply ; there is also a second charcoal tube directly attached 
to it. The electrodes were out-gassed by means of an induction furnace, and 
the whole tube with the exception of the ground joint at the extreme end was 
baked out at 300° C. The ground joint was sealed with wax on the outside, 
and owing to the very large pumping resistance offered by the ground joint 
the charcoal could easily deal with any impurity due to this. On no occasion 
was frhero any sign of lines due to impurity even in the spectra photographed 
with exposures of over 24 hours. 

The electrical arrangements aro shown in fig. 1. The voltage drop along 
the effective part of the filament is 0-3 volts and the homogeneity of the beam 
was tested by applying stopping poten¬ 
tials between the collector cone and the 
other electrodes. A typical curve is 
shown m fig. 2, the current being plotted ^ 
against the stopping potential for 60- £ 

volt electrons, (A), and the differentiated o 
curve, (B), is also shown. This curve o 
only gives an outside limit to the m- tj 
homogeneity of the beam, owing to such 2 
factors as the divergence of the beam, * 
but even so it shows that 90 per cent, of 
the electrons lie within a 3^-volt range. 

A further test was made by applying a < 
magnetic field which bent the beam as 
a whole with no appreciable loss in 
sharpness, showing that the beam is approximately homogeneous. 

During a series of exposures the electron current is measured by a micro¬ 
ammeter, and is maintained constant by adjusting the filament heating current. 
The first slit (S x ) is provided in order to obtain the maximum possible electron 
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current. Owing to negative space charges, saturation of the emission is only 
reached for fairly high values of the field, which could not always be obtained 
if tfie slit were omitted. The electrons are strongly accelerated to the first 
slit, resulting in the formation of many positive ions, and they are then retarded 
to the speed required by entering the second slit. The ions, owing to their 
low mobility, diffuse away slowly, and consequently they largely neutralise 
the negative space charge. This arrangement gives a copious supply of quite 
slow electrons. It is also desirable to keep the first slit at a potential positive 
relative to the field free box in order that any secondary electrons emitted 
from it will be unable to enter the observation chamber. The only exception 
to this is made when working at voltages over 1000, when the slit is made 20 
volts negative to the filament m order to keep the electron current down to the 
required value, as it is found that if the reduction is made entirely by reducing 
the filament temperature the electron current becomes extremely unstable. 
At the lower voltages, however, the slit may be used at any potential positive 
relative to the field free box, most suitable to bring the electron current to the 
required value or to foeus the beam. The focus may also be altered by choosing 
a suitable potential for the cylinder (C) round the filament. 

As the electron emission is very sensitive to change of filament temperature, 
the heating current is provided by accumulators, and all the potentials are 
maintained by batteries of accumulators in order to obtain the utmost steadi¬ 
ness. 

3. Optical Arrangement . 

A photographic method of measuring the intensity is used, as the light 
source is weak. A Hilger Ej quartz spectrograph is used and its dispersion of 
about 13 A. per millimetre allows the use of a very wide slit (0*3 mm.) whose 
image on the photographic plate is magnified by tilt to 0’8 mm. This makes 
for great accuracy in photometry. An image of the electron beam is thrown 
on to the spectrograph sht perpendicular to it, so that a cross-section of the 
beam is photographed. 

Ilford Iso-Zenith plates were chosen, as these give the best compromise 
between high speed, small grain size and low background density, while the 
density-log intensity curve is of a suitable form to give reasonable accuracy in 
photometry over a large range of intensities. The plates were developed under 
standard conditions, using amidol in a special tank arranged to give extremely 
powerful and regular stirring. 

A typical photograph, fig. 3, Plate 10, consists of a spectrum where the 
centre of each line is very intense, corresponding to the centre of the electron 
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beam, and fading away on each side. The lino is photometered by a self- 
recording microphotometer described elsewhero* and the resulting curve 
indicates the degree of blackening. As the photometer deflection is not 
proportional to the original light photographed, a calibration is necessary, and 
this is done by means of a neutral wedge placed over the spectrograph slit and 
illuminated by a uniform patch of helium light from a low pressure arc. As the 
density gradient of the wedge is known for all wave-lengths, this gives the 
calibration directly. A blank photograph taken under similar conditions, but 
without the wedge, serves to correct for any slight irregularities m the illumina¬ 
tion of the spectrograph slit. 

By means of this calibration the curve recorded by the photometer is con¬ 
verted to true intensity, and the area beneath the true intensity curve is 
measured to give the integrated intensity of the whole beam. 

The relative intensities of the different lines were determined by the use 
of a calibrated lamp. A photograph of the lamp was taken and developed 
under standard conditions, and the photometric determination of the intensity 
at different wave-lengths was correlated with the energy distribution given by 
a previous calibration made at the National Physical Laboratory. In order 
to determine the efficiency of excitation, an approximate estimate of the actual 
number of quanta photographed was also made. 

4. Results . 

The dependence of the light intensity on the electron current was first 
investigated. It was found that within experimental error all the lines mea¬ 
sured showed a linear relationship, fig. 4. This shows that a single electron 
only is involved in the collision process and it aKo serves as a check on the 
accuracy of the photometry. 

Next, the relation between light intensity and helium prossure was moasured, 
and the results of this are shown in fig. 5. It will be seen that while the intensity 
of the lines 4438 (2 1 P—5 1 S) and 4922 (2 X P — PD) show a linear relationship 
with the pressure, this is not exactly so in the case of the lines 6016 (2 1 S—3 1 P), 
3965 (2 2 S—4 l P) and 4472 (2 3 P—4 3 D). It is clear that if simple collision 
excitation takes place the light intensity will depend on the number of collisions, 
i.e., on the gas pressure, so that in the case of 4438 and 4922 the linearity 
observed indicates that only eimplo excitation takes place. In the case of the 
lines which deviate from simple proportionality a further peculiarity is to be 

* J. H. Loes, 1 J ,Sci. Instruments,’ vol. 8, p. 273 (1931). 
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observed. The light of those lines does not all come from the electron beam, 
but a large proportion comes from points as much as 1 cm. from the beam. 
Apparently this spreading has not been observed hitherto owing to the method 
generally used of photographing a spot in the electron beam instead of a whole 
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cross-section. It is found that all the lines showing spread deviate from a 
simple proportionality between intensity and pressure. The discussion of these 
effects will be given in a second paper. 

The results of the intensity-electron voltage measurements are shown in 
figs. 6-11. The ordinates, when multiplied by the appropriate factor shown 
on the figures, give the atomic cross-section of helium for collisions resulting 
in the emission of one quantum of the radiation in quostion. The absciss© 
show the electron voltages plotted on a logarithmic scale. A helium pressure 
of 0*044 mm. was used and an electron current of 0-8 milliamperes. 

Fig. G shows the curves of the singlet sharp series 4438 (2*P—5 1 S) and 
4169 (2 1 P—6 l S). In each case there is a steady rise to a maximum at about 
37 volts, and a gradual decline as the electron voltage increases further. 



In fig. 7 are given the singlet principal series 5016 (2 1 S—3 1 ?), 3965 
(2 1 S—4^) and 3614 (2 1 8—These curves are all very similar, each 
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showing a very slow rise to a maximum at 100 volts, and a very slow fall 
beyond. 

The singlet diffuse senes, 4922 (2 1 P~4 1 D) and 4387 (2 X P—6 l D) is shown 
in iig. 8, and here the maximum lies at about 80 volts. 



In the ease of the triplets the sharp series 4713 (2 3 P—4 3 S) and^4121 
(2 3 P—5 8 S) is shown m fig. 9. These curves have an extremely rapid rise to 



a maximum at about 30 volts, and beyond this an almost equally rapid fall, 
the intensity beyond 100 volts becoming too small to be measured. 
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Kg. 10 shows the triplet principal series of which only one line, 3889 
(2 *S—3 3 P) lies in the range of wave-lengths investigated. This curve rises 
to a rather blunter maximum at 32 volts, after which it falls steeply. 



Fig. 10. 

The triplet diffuse senes is shown m fig. 11. Three lines were measured, 
4472 (2 3 P—4 3 D), 3820 (2 3 P-G 3 D) and 3705 (2 3 P-7 3 D). 4026 (2 3 P-5 a D) 
could not be resolved from 4021 (2 —7 1 S) and was not measured. The 



Fig. 11. 

members of this series show a progressive change in the shape of the curve. 
The lowest member (2 3 P—4 8 D) shows a marked maximum at 34 volts, while 
between 48 volts and 78 volts there is scarcely any drop m intensity, and 
beyond 80 volts the curve drops slowly. The next line measured (2 *P—-6 *D) 
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shows a peak, although much smaller, at 34 volts, and it also shows a second 
maximum at 85 volts. The last line (2 a P—7 ®D) shows only a trace of the 
34 volt peak, while the second peak at 85 volts is very pronounced. 

4. Discussim. 

These results agree only approximately with those of previous authors. 
Hughes and Lowe* * * § were unable to work at voltages lower than 34 volts and 
their curves are therefore incomplete. Their photometric methods were, 
moreover, incapable of great accuracy and the lack of linearity between 
intensity and current, and intensity and pressure shows that thoir conditions 
were unsatisfactory Their results, however, do not show any very striking 
differences with those given above. On the other hand, Peteri and Elenbaasf 
obtained extremely different curves, and, as was pointed out in a preliminary 
account of the present work,f this was probably due to incorrect current 
measurements. Hanle§ has obtained results agreeing fairly well with those 
given here except m the case of the 2 3 P —m 3 D series, and this difference is 
probably due to insufficient observations at low voltages. Elenbaas|| however, 
found that all the linos without exception show a slight maximum at about 60 
volts. This is probably due to a change m the shape of the electron beam, 
giving an increase in the current density at the spot photographed at about 
60 volts. Like Hanle, he was unable to obtam accurate proportionality between 
intensity and electron current or helium pressure, showing that the photometry 
or experimental conditions were not satisfactory. Michels^] obtained this 
proportionality approximately, but, like Hanle and Elenbaas, he did not 
integrate the total intensity of the beam, and the second maxima he obtained 
at about 80 volts for all lines are probably due, therefore, to changes in the 
width of the electron beam. Michels, moreover, used a non-homogeneous 
beam of electrons, 90 per cent, only lying within a 10-volt range, and so a 
very large correction had to be applied to the excitation curves obtained. 
While this correction is unimportant at high electron velocities, it is impossible 
to obtain accuracy near the excitation potential on account of the very rapid 
changes in the excitation probabilities in this region. 

* ‘ Proc. Roy. Soc.,' A, voL 104, p. 480 (1923). 

t ‘ Z. Physik/ vol. 54, p. 92 (1929). 

X Lees and Skinner, * Nature,’ vol. 123, p. 826 (1929). 

§ 1 Z. Physik,* vol 56, p. 94 (1929). 

|| * Z. Physik,* vol. 59, p. 289 (1930). 

If 4 Phys. Rev ,* vol. 36, p. 1363 (1930). 
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The estimates made by some of the above authors of the relative intensities 
of the lines should be accurate except m the case of the lines which spread. 
For these lines, however, the intensities must be wrong owing to the large 
proportion of light which comes from outside the electron beam and so is not 
measured. It seems, therefore, that the results given here must he more 
accurate than those of previous workers owing to the improved methods used. 

fi. Excitation Probabilities. 

We must now consider what knowledge the intensity-volt age curves obtained 
give us of the probabilities of excitation to a certain state for various electron 
voltages. The intensity measured is proportional to the number of atoms in a 
certain excited state whether excited directly or indirectly. Thus the intensity 
of the line (2 3 S—3 3 F) gives the number of excited atoms in the 3 3 P state, 
and these may have been excited by electron impact giving a (1 1 S—3 3 P) 
transition, or by cascade from a higher 3 S or 3 D level, or by the recombination 
of an ion with an electron The proportion of excited atoms due to cascade 
cannot be measured, but we know that for large quantum numbers the classical 
rule is approximately correct that the intensity m quanta per second due to 
any transition from a given state depends on v 3 . As cascade involves low 
frequency, high quantum number, transitions the intensity due to this is 
probably small. The possibdity of recombination was tested by means of a 
special apparatus arranged with a powerful electrostatic field at right angles to 
the electron stream. The field strength was sufficient to sweep all helium 
ions to the electrodes m 2 X 10~ R seconds after formation and slow electrons 
m 10” 10 seconds. It was found, however, that apart from a displacement of 
the whole electron beam the electrostatic field had no effect at all, proving 
that ionisation and recombination plays no part in the emission of light in the 
region investigated. This experiment served also to show that slow electrons 
played no part in the excitation process. Thus it is probable that the indirect 
excitation is qiute small There is, however, one exception to tins in the case 
of the spreading lines. The mechanism of spreading will be dealt with fully 
in the following paper, and it wdl be shown that while the intensity curves of 
the (2 1 S—w 1 ?) lines represent the excitation function of n 1 I ) levls, the 
curves for the (2 a P —n 3 D) linos an; composed partly of the excitation function 
of n *P levels and partly of n 3 D levels. The true n 3 D excitat ion curve gives 
the low voltage peak shown by the (2 3 P—n 3 D) lines and the spurious r^P 
excitation gives the high voltago peak. With this single exception, however, the 
intensity curves may be regarded as approximately true excitation curves. 
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In one special ease the absolute probability of excitation may be accurately 
found. The line 3889 (2 3 S—3 a P) is the only lme which can possibly be 
radiated by atoms in an excited 3 3 P state and in this case the absolute prob¬ 
ability is equal to the number of quanta shown as ordinate m fig 10. In the 
case of all the other lines measured, however, the selection rules permit several 
transitions from the excited state. Thus the 3705 radiation (2 3 P—G 3 D) is 
radiated by atoms in a G 3 D state which may drop to any of two 3 F states or 
four 3 P states. If the relative probabilities of these allowed transitions were 
known, then the total number of atoms in the excited state could be deduced 
by measuring the intensity of any one of the lines emitted. These piobabilities 
have not been worked out for helium, and although the classical rule mentioned 
above is true for large quantum numbers it is not correct for small quantum 
numbers But m each case the line measured is that of the shortest wave¬ 
length and is therefore the most probable transition; thus the number of 
excited atoms will be roughly equal to the number of quanta of the observed 
radiation. The (2 1 S—w^P) series is the only exception to this because the 
(l 1 ®—w x P) radiation is much more probable than the observed radiation. 

A comparison of the excitation curves with those obtained theoretically by 
Massey and Mohr* shows some agreement. Thus they obtain the steep rise 
and fall for the triplet series, and the gradual rise and fall of the singlet series 
which are found experimentally. In detail, however, there are serious 
differences. All the theoretical curves show maximum excitation probabilities 
at much lower voltages than are found experimentally, and this discrepancy 
cannot be due to the mhomogeneity of the electron beams used. There is a 
definite disagreement m the case of the (2 3 P— n 3 S) scries, which theoretically 
is predicted to have a blunter excitation curve than the (2 3 S—n 3 P) or the 
(2 3 P —n 3 D) series. Experimentally, however, the (2 3 P— n 3 S) series shows 
the sharpest peak, and it is quite impossible to see in the experimental work 
any explanation for this difference. 

Since the publication of the paper referred to above, Massey has found a 
numerical error in the calculations for the (^S—« 2 P) lines, and the revised 
curves show a gradual rise to a late maximum just as is found experimentally. 

The values predicted for the atomic cross-sections can oidy be compared 
with the values estimated experimentally in the cases of the 3 *P and 3 3 P 
states, as these are the only cross-sections which have been estimated both 
theoretically and experimentally. The theoretical cross-sections for these 
states for electrons of 200 volts, are i*3 X 10~ 19 cm. 2 and 9 X 10“ 25 cm. 2 

* 1 Proo. Roy. Soo./ A, vol 132, p. 605 (1931). 
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respectively. Fig. 7 shows that at this voltage the cross-section for a quantum 
of 2 1 S—3*P radiation is 8 X 10 "" ao cm 2 . The cross-section for excitation 
to a 3 X P state must be slightly greater than this, which agrees with the calcu¬ 
lated value. Fig. 10, however, shows that the cross-section for a quantum of 
2 8 S—3 5 P radiation, which, if the contribution to the 3 3 P state by cascade 
can be neglected, is equal to the cross-section for excitation to a 3 3 P state, is 
4 X 10“®° cm. 2 . This is enormously greater than the theoretical value and, 
although part of the light measured will be due to excitation by electrons which 
have already made one or oven more inelastic collisions, this additional 
excitation cannot account for such a very large discrepancy. 

We may summarise the results of the excitation curves as follows «*— 

(1) The excitation curve for each state shows a single maximum at the 
electron voltage V m giving the maximum probability of excitation. 

(2) The excitation curves of states in the same series, c g. 3 n 1 P, are similar 
in shape 

(3) The sharpness of the maximum of an excitation curve is related to the 
value of V m . A low value of V m goes with a sharp maximum, and a high 
value with a blunt maximum. 

(4) Comparison of the excitation curves shows that for a triplet state the 

value of V m is considerably smaller than for the corresponding singlet 
state. 

(5) Among the singlet or triplet states themselves, the value of V m tends 
to increase as we pass from the S to the P and D terms. Table I gives 


the values. 

Table I. 


Wa\ e-length. 

Lovol. 

Maximum atomic 
o rows-section. 

j ^ FT*’ 

k 

4438 

4169 

*^-0*8 

2‘P-O‘S 

28 X 10-" 

12 X 10-“ 

volts 

36 

5016 i 

2 1 H-3 1 P 

1000 X 10-* 


3965 

2*8 -4*P 

340 ^ 10-“ 

100 

3614 

2 l S-5 1 P 

; 57 y 10-“ 


4922 i 

2 1 P—4 l l) 

| 110 x io-“ 

74 

4388 

2 l P—6 l D 

00 X lO-a 


4713 

2 *P—4 *S 

210 X 10-“ 

j 30 

4121 

2*P~5 # S 

40 , 10-“ 

3889 

2 *S—3 *P 

720 X 10- 21 

| 32 

4472 

2 a P—4 *D 

120 x 10-“ 

1 

3820* 

2 8 P—6 *1> 

9 X 10-“ 

34 

3705* 

2*P-7*D | 

0 x io-“ 


*The values for the lines 3820 and 3705 are taken from the part of the 
voltage peak only. 

curve giving the lo« 
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Summary . 

An accurate method of measuring the excitation functions of helium is 
described, and the results obtained are given. 

The variation of light intensity with electron current and with helium pressure 
is measured. Certain of the 1 spectrum lines are found to be emitted not only 
from the electron beam but also from points some distance from the beam. 
These spreading lines show anomalous intensity-pressure curves. 

The relation is discussed between the intensity-voltage curves found experi¬ 
mentally, and the curves showmg the actual probability of electrons of given 
velocity exciting an atom to any given state. An estimate is made of the 
absolute probability of excitation to certain states. 

The author wishes to thank Dr. H. W. B. Skinner for suggesting the work. 


Notes on the Excitation Processes in Helium. 

By J. H. Lees and H. W. B Skinner, Wills Physical Laboratory, Bristol. 

(Communicated by A P. Chattock, FRS —Received February 11, 1032 ) 

1. Introduction . 

In the preceding paper* an account has been given of experimental work on 
the excitation function of helium. Here we propose to enter into a fuller 
discussion of some of the problems involved. We shall give a detailed examina¬ 
tion of the phenomenon of spreading, reported in the previous work , and 
also wc shall put forward a rough but simple conception of the excitation process 
which allows an understanding in terms of elementary ideas of the main 
characteristics of the excitation process. 

2. Spreading. 

When a well-defined electron beam passes through a gas at low pressure, 
the light emitted from the majority of the spectrum lines comes almost entirely 
from those points of the gas which are traversed by the electrons. But for 
some classes of linos, there is a considerable amount of light emitted by those 
parts of the gas which lie outside the electron beam. This is the phenomenon 


* p. 173 ; to be quoted as Paper I. 
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which we describe as spreading. We may define the spread of a line as the 
ratio of the light emitted from outside the electron beam to that emitted from 
within it. The lines which show this effect most clearly m helium are the 
lines for which the upper state of the atom is an 7i x P state and these all spread, 
to about the same extent, independent of the voltage of the exciting elertron 
beam. Second in order of spreading are the lines for which the excited atom 
is in an n 3 D state, and in this case it is observed that the degree of spreading 
increases with n. For the other helium lines the spreading is very slight, 
though it almost certainly exists for all. In mercury, a casual observation 
has shown that the resonance line (1 1 S—2 3 P) 
spreads extremely strongly, and a number 
of the other lines spread to a less extent. 

A photograph, taken with the spectro¬ 
graph slit perpendicular to the electron 
beam is given for helium in Paper I (fig 3), 
and shows the spreading lines very cleaily ; 
and a photometer curve, fig. 1, showing 
a spreading and a non-spreading line photo¬ 
graphed using the same electron beam shows 
the magnitude of the effect. The line 
X 6016 represents the transition (2 —3 *P), 
and the line X 4713 (2 3 P—4 8 S). The 
distance between the two vertical lines 
corresponds to 1 mm in the apparatus. 

The pressure was 0-044 mm. and the volt¬ 
age of the electron beam 36 volth The spreading, however, is found 
to be rather insensitive to both these quantities. 

The spreading is associated, in the case of the helium lines (2 1 S—w 1 ?) with 
a non-proportionality of the curves of light intensity plotted against the gas 
pressure. In fact, as fig. 6 of Paper I shows, the experimental results can 
roughly be fitted to a straight line, which, however, does not pass through the 
origin of the co-ordinates. The line (2 S P—4 3 D) shows a similar character¬ 
istic. The curves of light intensity plott ed against current, on the other hand, 
show proportionality. In this way it is made evident that no double electron 
impact processes are concerned in the spreading. In particular, any effect 
from metastablo atoms is ruled out as an explanation of the spreading of the 
*P and 3 D lines, though it may possibly be involved in the slight spreading 
which most of the other lines show. 



Fig. 1. 
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This conclusion was further verified directly by an apparatus providing two 
beams of electrons parallel but 5 mm. apart, one of 60 volts and the other of 
22 volts. The 22-volt beam alone produced no light, but when the GO-volt 
beam was started the slow beam showed a trace of 3889 (2 8 S—3 8 P). This 
shows that the (2 3 S—3 3 P) radiation was slightly absorbed in the 2 3 S meta¬ 
stable atoms produced by the slow beam, and was then again radiated. There 
was, however, still no trace of (2 1 S—3*P) radiation from the 22-volt beam 
but, as this might be due to the low efficiency of 22-volt electrons for pro¬ 
ducing 2 *S metastables compared with 2 3 S states, a further teBt was carried 
out by illuminating the electron beam by an intense helium arc. No effect 
on the spread was observed, showing that absorption and re-cmission of those 
helium lines transmitted by the glass window of the arc is very small. 

A further possibility is the formation of helium ions which, owing to their 
long life, can diffuse out of the electron beam with e.ventual recombination and 
radiation The apparatus described in the previous paper proved, however, 
that spread due to this must be negligible. 

In the case of Hg, wo have at present no corresponding data and it is quite 
possible that metastable atoms are involved for some of the lines. We shall 
therefore consider only the He lines, for which we have sufficient data to put 
forward a theory of the effect. But the case of the Hg line 2537 (1 1 S—2 3 P) 
is very suggestive because this is an absorption line of Hg. It is known that 
the absorption coefficient of Hg vapour, even at a very low pressure, is extremely 
high for this line when it is produced under conditions which preclude any 
considerable broadening of the line. Now in the electron tube used, working 
with a pressure of l/1000th of a millimetre in the case of Hg, for the study of the 
excitation potentials, this condition is very well fulfilled. It is therefore 
certain that the spreading of the line 2537 is due to the absorption of the 
radiation initially excited by electron impact, by those parts of the Hg vapour 
which lie outside the electron beam. The absorbing atoms will subsequently 
re-emit radiation of the same wave-length. The effect therefore is that, 
viewed by the light of X 2537, the whole gas will be seen to glow. 

This gives a useful clue to the spreading effects in He For a somewhat 
similar mechanism will account for the spreading of the (2 1 S— X P) lines of 
helium. Here the n 1 P levels are excited by direct electron impact and radiate 
partly the line (2 1 S—n l P) and partly (PS—n 1 P). The latter radiation is 
absorbed by atoms at a distance from the beam, raising them to the n 1 P 
state and these atoms again radiate the (2 3 S—n 1 P) and (PS—fPP) light. 
As the (1*S—-/PP) radiations lie too far in the ultra-violet to be photographed, 
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their spread cannot be observed, and it is the (2 1 S—n*P) lines which show the 
observed spreading. 

In this way a simple explanation of the spreading of the (2 1 S— n 1 !?) lines 
is obtained. This explanation is the basis of the statement made in Paper I 
that the excitation functions of the X P states are not affected by the existence 
of the spreading effect; for each quantum of light emitted may be traced 
back to the excitation of an atom into X P state in the beam. We shall now 
proceed to a detailed examination of the various effects associated with the 
spreading of the (2 1 S—n X P) lines in terms of the absorption theory. 

If we compare at very low voltages the intensities in quanta of the (2 3 P—5 3 S) 
and (2 1 P—5 X S) lines we find that the probability of exciting the 5 8 S state is 
approximately twice that of exciting the 5 J S state. The same ratio between 
the probabilities of triplet and singlet excitation is obtained from the observed 
intensities of the (2 3 P—4 3 D) and (2 4 X D) lines. We might therefore expect 

that, at low voltages, there would be about twice as many atoms excited to the 
n 8 P state as to the n : P state. If so, the intensity of the (2 1 S—3 X P) radiation 
should be about 24 tunes less than the (2 3 S—3 3 P), because of the preferred 
transition (1 1 S—3 1 P). Actually a triplet singlet ratio of only 5 :1 is found, 
and this unexpectedly small value is explained on the absorption theory. 
It was stated above that excited rc x P atoms radiate partly the (1 X S—n x P) 
line and partly the (2 1 S—w x P) line, and that the former is absorbed by atoms 
in the ground stato which later rc-cnut. The absorption will not, however, 
be complete, and the proportion absorbed within a radius r is given by (1—e” BfT «) 
where x a is the atomic absorption coefficient for (l a S—3 X P) radiation, and 
n the number of atoms per cubic centimetre. If / is the total probability of 
an excited n 1 P atom falling to the 2’S level, and (1 —f) the probability of 
falling to the 1 J S level, then the total number (Q) of quanta of (2 X S—3 *P) 
radiation emitted is roughly given by the infinite scries 

Q = n{/ + (i -/) (i - «-■'•)/+ (i ~/) 2 (i - c -*-«)7+...} 

__g/_ . . 

1 — (1 —/) (1 — e -nrT «)’ 

where N is the number of excited 3 l P atoms in the electron beam. We have 
assumed here that after absorption at any point in the gas, the radiation is 
always re-emitted from the centre. This will certainly not be accurate, but 
an exact calculation is very difficult. 

Thus we obtain a large increase in the observed intensity of (2 X S—3 X P) 
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line owing to the absorption of (PS—3*P) radiation and the emission of 
(2 J S—3 a P) radiation by atoms outside the beam 
It is now possible to explain the form of the intensity pressure curves ob¬ 
tained for the lines which show spreading. Since N is proportional to the gas 
pressure ( p ), we have 

q- _ al _ 

1 -(!-/)(! 

The coefficient / is given by 

f — ^32 

^31 + ^32 

where A sa , A 31 are the Einstein Transition probabilities for the 3-^2, 3-+1 
switches 

The probabilities may be approximately calculated by taking the He atom 
as hydrogen-like and using the formul© of Gordon.* Suitable screening con¬ 
stants are used for the upper and lower states and a correction amounting to 
multiplication by a factor of 2 is applied in the case of A 31 on account of the 
equivalence of the two electrons in the ground state. We obtain the value 

0-08 for/.f 

Using this value, a curve agreeing very well with the observed intensity- 



pressure curvo is obtained, fig. 2, if we assume an atomic absorption coefficient 
for the (3 -*■ 1) resonance radiation of 2 ■ 3 X lO -16 . The asymptotic portion 

* ‘ Ann. Phyaik/ vol 2, p. 1031 (1930). 

t The constants C of Gordon, corrected both for screening and equivalence, are for 
helium U’34- and 3 0 The corresponding values for hydrogen are 0*52 and 3*07. 
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(A) of this curve corresponds to strong absorption due to the high pressure, 
when every atom excited to a 3 X P state leads eventually to a quantum of 
(2 X S—3 X P) radiation. The portion (B) near the origin corresponds to 
negligible absorption. 

This absorption coefficient is of the right order of magnitude to explain the 
observed fall off in intensity m the spreading curve, fig. 1. Though the actual 
absorption coefficients at the pressures used are quite appreciable, their effect 
on spreading is rather small compared with the ljr fall off due to the geometry 
of the apparatus on account of the smallness of/. Thus no great change will 
be found in the spreading curves taken at different pressures. It was observed 
experimentally that the spreading curve does not depend much on the 
pressure 

Wc may go a step further and compare the observed absorption coefficient 
with a calculated value. It may bo shown that tho value of x a , the atomic 
absorption coefficient for the resonance line, is given by 


L A„. 2» 

8\/2rr Av g l ’ 


(1) 


<j n and g t are the weights of the upper and lower states ; in our case, gjg x is 
3. A ni is the Einstein coefficient for the transition n 1, and Av is the actual 
breadth of the line. For this, the natural breadth Av 0 = EA nm may be 

TO 

inserted or any other breadth, such as the Doppler breadth, to suit the problem. 
The formula applies only when the emitting atoms are subjected to the same 
broadening influences as the absorbmg atoms, as m the case under considera¬ 
tion. It must also be borne in mind that it gives only the initial absorption 
coefficient, since the centre of the line is most heavily absorbed, and bo the 
shape of the line does not remain constant. The absorption coefficient there¬ 
fore diminishes as the radiation passes through the gas. The formula (1) is 
derived from the obvious expression for T a , namely, 


where B in p nl is the probability of an absorption transition 1 -+n in a field 
of radiation of total density p nl corresponding to the frequency of the n ->■ 1 
transition. The quantities A rt i, B ln may be expressed as integrals over the 
line breadth in terms of partial coefficients a nl (v), 6 ln (v), which give the tran¬ 
sition probabilities for defined frequencies. Using Einstein relations between 
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°«i» Ki a °d 6 1b , and also assuming a Gaussian form* for the shape of the line, 
we come to the above result. 

Calculating in this way and substituting for the Doppler breadth we reach 
a value for x a which is some 40 times greater than the value obtained from the 
experimental results. We have seen that the calculated value represents 
only an initial absorption coefficient; at the actual pressure m the apparatus 
the effect of the self-reversal must certainly be considerable. It seems 
unlikely that any collision process or perturbation can, under the experi¬ 
mental conditions, reduce the absorption coefficient by giving the line an 
extra broadening comparable with the Doppler broadening. And, therefore, 
though the effect of the self-reversal is hard to estimate, we think it may be 
assumed to account for the discrepancy. 

Wo may thus claim to have formed a fairly complete theory of the spreading 
of the (1 J S — n 1 ?) lines of helium. We must now go on to the case of the 
(2 3 P — n 3 D) lines, which spread appreciably, though to only about half the 
extent of the n X P lines. It is clear at tho outset that the explanation for these 
lines must be quite different from that for the n X P lines, because the n 3 D 
lines cannot possibly be associated with any absorption effects of the normal 
helium atom. Further we have seen that any effects concerned with meta¬ 
stable atoms or ions are ruled out on experimental grounds. 

It is therefore obvious that this spreading must be tho result of some rather 
unexpected process. The following process seems to us after a careful examina¬ 
tion of every alternative, to provide the only way of explaining the facts. It 
is based on the approximate equality of the energy values of the n 3 D terms 
with the corresponding n X P terms. Tho energy difference between the 4 *P 
and 4 3 D levels is 6 millivolts, while between the 7 *P and 7 3 D levels it is only 
1 '4 millivolts. This energy difference is much less than the energy of thermal 
agitation. Wc have stated that the degree of spreading for the n 3 D lines also 
increases with n. It is therefore tempting to suppose that the process 

He (1 l S) + He (n >P) He (n 3 D) + Ho (1 X S) 

(and, of course, the reverse process) can occur in a collision between a normal 

* It has bten pointed out to us by Professor R H. Fowler, F.R.S., to whom we axe 
indebted for much discussion of the formula (1) that the adoption of the Gaussian form for 
the natural breadth is not correct. We ought to use the form of the radiation emitted by 
a damped classical oscillator (see Weisskopf and Wigner, ‘ Z. Physik,’ vol. 62, p. 54 (1930)). 
The effect 0n(l)is, however, only a small alteration of the numerical constant, and as the 
Gaussian form must be adopted for the Doppler breadth, we have retained it throughout. 
The formula (1) is therefore only an approximation. 
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and an excited helium atom, the extra energy being taken from the kinetic 
energies. If this process is possible, since we have a supply of n 1 P atoms 
distributed everywhere in the gas, the spreading of the n 3 D lines would follow. 
Since the mean life of an atom in the n 1 P state is only about 10" 8 seconds, we 
have to suppose that the effective diameter for the collision process (n X P -+■ n 3 D) 
must be fairly large. 

Assuming that an atom in a X P state has during its life-time a chance of 
1 /10th of making a collision which gives rise to a 3 D atom, we obtain for the 
collision radius of the process the value 1*2.10"’ cm. From the observed 
intensities the value l/10th must be of the right order of magnitude and the 
result can hardly lie outside the range from 1 to 2.10 -7 cm. This collision 
radius is about the same as the radius of the atom in its 5th or 6th 
excited state. 

We proceed to an examination of the way in which it may account for the 
observed facts. In the first place, lines of the series (2 3 P —n 8 D) show similar 
intensity-pressure curves to those for the series (2 *S—n X P) which are illustrated 
in fig. 2. Further, as may be seen from fig. 11, Paper I, the observed intensity- 
voltage curves for the (2 3 P —n 3 D) lines show a type of double maximum. The 
observed curves seem to be compounded of two, one with an early maximum 
like a triplet excitation curve, and one with a late maximum like a singlet 
excitation curve. On the theory put forward, the first type of curve represents 
the true excitation function into the S D state ; the Recond would represent a 
spurious excitation into a X P state. The fact that the predominance of the 
second kind of curve, as well as the spreading itself, increases with n may be 
taken as a strong confirmation of our point of view. 

The question arises whether any evidence of similar collision processes in 
helium can be found. Since all the states n x P, w x D and w 3 D are in close 
resonance for large values of n , the processes to be considered are (n X P -* n *D), 
(ft 1 !) ►« 3 D), and the reverse processes. The first is that 
already dealt with and, as we have seen, shows itself most clearly in two ways, 
(a) in the spreading effect, and (6) in the double peak of the 3 D excitation curves. 
For a process (A -> B) to show itself in either of these ways, a considerable 
excess of atoms in the A state over those in the B state is required at the 
relevant voltages. Thus the excess of ti X P atoms over n 3 D atoms at 100 
volts is about tenfold and both effects are clear. For the reverse processes 
(n*D -►« , P) and (n 1 !) -►« 1 F) and also for the processes (n l D n 3 D), this 
excess does not exist at any voltage, and so no traces of these processes could 
be seen. An excess exists in the case (n X P -* n X D), but here the excitation 
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curves are too similar for any effect on them to be seen. On the other hand, 
a spreading of the lines (2 *P—n X D) is actually observed, although it is smaller 
than the spreading of the lines (2 3 P—n 3 D). The process (t^P-^n®) 
may thus occur with a rather smaller frequency than that suggested for 
(n^^n^D), but the evidence is not conclusive. 

Finally, it is of interest to compare our process {^P -»n 3 D) with similar 
processes reported by other observers. In our case, only identical atoms are 
involved and this appears to be a novel characteristic. Connected with this 
is the extreme closeness of the resonance which, as far as we know, has not 
been approached in any other case. 

Resonance collision processes are generally observed when normal atoms 
strike metastable atoms, and can mostly be interpreted as involving a simple 
election exchange. The fact that in our case the metastable atom is replaced 
by an unstable excited atom makes the type of process unusual; and, further 
the process cannot be regarded as due to exchange. 

The process most similar to ours is, as far as we know, one found by Beutler 
and Eisenschimmel* in a mixture of mercury and krypton. The process is 

Hg (1 1 S 0 ) + Kr (2 - Hg (6 x D a ) + Kr (1 X S 0 ), 

and occurs with a resonance defect of 19 m.v. This process also involves 
an unstable atom Kr(2 3 Pi); and a further similarity is to be observed, 
namely, that here also the total spin of the colliding atoms is not conserved. 
Wigner)’ originally proposed the rule that in collision processes the total spin 
(defined as a possible vectorial sum of the spins of the two atoms) must be 
conserved, if one neglects the coupling between orbital and spin momentum. 
Beutler and Eisenschimmel were able to show in the case of mercury-krypton 
mixtures that this rule is more strictly obeyed when the colliding krypton 
atom is metastable than when it is unstable, and they suggest that the breach 
of the rule is in some way ronnected with the dipole moment of the unstable 
atom. But the case of mercury and krypton is not a very good one from the 
point of view of the theory since intercombmation lines are strong, and there¬ 
fore the basis of Wigner’s rule is not satisfied. 

In our case, however, Wigner’s rule is also violated ; and in helium the spin- 
orbital coupling is negligible and so the basis for the rule would seem to bo 
firmly established. Indeed, in spite of the fact that the resonance is much 
better than is usual in collision processes, it is hard to visualise what forces 

* ‘ Z. phyi. Chem.,* vol. 10, p. 89 (1930). 
f * Naohr. Ge« Wise. Gflttingen/ p. 375 (1927). 
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can be responsible for turning round the spin of the electron. The process 
proposed seems therefore to be fundamentally distinct from any hitherto 
observed collision process. Yet, as far as we can see, there exists no alternative 
supposition which is capable of explaining the facts. 

It might be thought at first Bight that a similar process could bo involved 
in the spreading of the (2 J S—n J P) lines, which has been explained by absorp¬ 
tion. That is to say, that the excitation might be handed out from atom to 
atom by collisions without the emission of radiation. It is easily seen, how¬ 
ever, that such a process would have no such efiect on tho spreading, because 
the probability of the emission of a quantum is an exponential function of the 
time ; and after the collision the decay curve will continue unchanged. Thus, 
apart from effects due to scattering which tend to keep the light confined to the 
beam, the collision process cannot affect the spreading. We may thus conclude 
that spreading is primarily due entirely to light absorption. 


3. The Process of Excitation. 

In Paper I, a comparison has already been given between observed excitation 
of helium and the results of the calculation of Massey and Mohr,* and it was 
seen that though there is some general agreement between the observed and 
calculated effects, any detailed agreement is lacking. In the paper quoted 
they have used the method of Dirac, which admittedly is not strictly applicable 
to the case of low electron velocities, which is required for the present purpose. 
Recently, however, we are informed by these authors that they have tried tho 
application of the methods of Holtsmark and Faxen without any better 
success. 

While it is perhaps open to doubt whether any of the existing mathematical 
methods are capable of dealing with the problem, the following discussionf 
based on general idea, though crude and qualitative, may perhaps be not 
altogether superfluous. At any rate it has the advantages of giving an easily 
visualised picture of some aspects of the excitation process, and of providing 
an accurate account of some features of the excitation. 

The view we shall put forward is based on an admittedly rather arbitrary 
division of the excitation process. We shall regard it as divided into two parts 
(1) an energy transfer from the exciting electron to the atom and (2) an angular 

* * Proo. Roy. Soo.,’ A, vol. 132, p. 605 (1931). 

T This is a development of a tentative suggestion put forward by the authors in 1 Nature,’ 
vol. 123, p. 826 (1929). 
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momentum transfer. We shall fix attention mainly on the latter. This may 
again be split up into two parts: (a) transfer of orbital angular momentum, 
and (6) transfer of spin angular momentum. We may justifiably regard these 
two parts as separately conserved, since the coupling of the two is very weak in 
helium. By making these assumptions a qualitative theory of some aspects 
of the polarisation of mercury lines, excited by directed electron impact, was 
found possible.* 

Let us first attempt a comparison between excitation to an w 3 S and an 
n 1 S level. In each case a certain energy transfer is necessary If n > 1, the 
energy transfer is nearly the same in the two cases. No transfer of orbital 
angular momentum is required in either case. For excitation to the S S level, 
however, the antisymmetrical electron spin arrangement of the 1 *S ground 
state must be changed to a symmetrical arrangement; this may be regarded 
as an exchange between an atomic electron and the exciting electron. The 
probability of such an exchange will depend on the closeness of approach of 
the electron to the atom, and on the duration of the collision. Thus, if the 
electron has an energy only slightly in excess of the excitation energy, the 
duration of the collision will be long, and the probability of exchange high. 
When tho electron has a higher energy the collision time will be shorter and 
exchange will not be so probable. Thus we may expect that at low voltages, 
the probability of excitation into n *S and n 8 S states will be roughly equal; 
but when the voltage is increased, we may expect the excitation probability 
into the 3 S state to fall off more rapidly. In this simple way we can explain 
the characteristic difference between the observed excitation curves for singlets 
and triplets. 

We shall next take the case when no transfer of spin momentum is required 
and compare the excitations into w 1 S, n 1 P and n 1 D levels. If Y v V t are the 
incident and emergent electron velocities and p v p t the corresponding striking 
radii, then in excitation we must have 

ftYj-ttV.-i M, 

where 61 is the change in the quantum number l in excitation, and so equal 
to 0 for X S excitation, to 1 for J P, and to 2 for *D. 

An exact solution of this equation is impossible without a more detailed 
consideration of the process. But it may be seen that while for the excita¬ 
tion, no limitation on the closeness of approach in the excitation collision is 

* Skinner and Appley&rd,' Proo. Roy. Soo.,* A, vol. 117, p. 224 (1927). 
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imposed, in the case of the 1 P and l D levels a definite limitation is imposed. 
We shall assume that excitation is most probable when the distance of approach 
(p) is least. This condition is best satisfied when 

where p and V represent valuos of p v p % and Y v V a . This relation will only 
apply for small velocities; when the velocity is high, and the value of p 
becomes small compared with the atomic diameter it will certainly break down. 
For example, with V corresponding to 50 volts and AZ = 1, we obtain 
p = 2-7.10“ 9 cm., which is still of the order of the atomic size. 

The application of the above relationship thus sets a limit on the closeness 
of approach for excitation to *P and levels, and thus we might expect a 
slower rise of the excitation probabilities with increasing voltage for these 
levels than for *S levels. This is actually observed. In the ease of J P levels, 
however, there is another factor to be considered which lies outside the scope 
of the present picture. This consists of the fact that transitions to the l P 
levels are optically allowed. In fact it has been shown by Bethe* that for 
very high exciting velocities, the oxcitation should be only into *P states. A 
direct experimental confirmation of this point is difficult because with very 
high voltages the light excited by the primary processes is weak and that duo 
to secondary slow electrons correspondingly strong. However, some con¬ 
firmation may be seen in the fact that while for excitation to X S states, the 
maximum probability occurs at a relatively low voltage (37 volts) the maximum 
probability for *P andH) excitation occurs at voltages of 100 and 74 respectively. 

We finally come to the case where both spin and orbital angular momentum 
transfer is required. We shall consider excitation into n 8 S, n a P and n 8 D 
levels. Comparing each with the corresponding singlet state, we shall expect 
that owing to the necessity of exchange phenomena, the maximum probability 
of excitation will occur at a lower voltage for the triplets. This is in fact 
observed. Comparing the triplets amongst themselves, we shall expect, as 
with the singlets, a progressively slower rise of the excitation curves for n 8 S, 
n 8 P and n *D states. Here, however, we have no added complication from 
any of the transitions being optically allowed, and it is actually found that the 
maximum of the excitation curves fall at progressively higher voltages (30, 
32 and 34 volts). We may point out that this progression is opposite to that 
predicted by Massey and Mohr (Zoc. cit.). 

* * Ann. Phyaik/ vol. 5, p. 325 (1930). 
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In conclusion, we must again emphasise the limitations and dangers of this 
type of reasoning. The only value of our considerations is that they are able 
to predict the general shape of the curves obtained from an easily visualised 
picture of the process. 


/Summary. 

(1) When a defined beam of electrons is passed through helium at a low 
pressure, it is found that the light emitted in the lines (2 1 S-n 1 P) and 
(2*P—n 8 D) is considerably spread outside the electron beam. An inter¬ 
pretation of this effect is given. The spreading of the (2 1 S~n 1 P) lines is 
ascribed to absorption of the corresponding resonance lines (PS—»*P) by 
the gas, while the spreading of the (2 3 P—n a D) lines is ascribed to a collision 
process 

He (n *P) + He (1 *S) = He (1 *S) + He (n 3 D) 

which involves only a small energy transfer. Corresponding anomalies in 
the intensity-pressure curves and excitation curves for these lines are also 
interpreted in this way. 

(2) A rough qualitative picture of the excitation process m helium is given. 
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X~Ray Absorption Coefficients in the Range 0*3 to 2*0 A. 

By L. H. Martin, Ph.D., Senior Lecturer, and K. C. Lang, M.Sc., Dixon 
Scholar, University of Melbourne. 

(Communicated by T II. Luby, F.R.S —Received February 22, 1932.) 

An account is given of two methods which have been devised in an attempt 
to eliminate some of the experimental difficulties associated with the measure¬ 
ment of X-ray absorption coefficients. Although the accuracy claimed for 
these measurements does not represent an improvement on that claimed.by 
previous workers, it is hoped that the methods possess Borne features of interest, 
and it is believed that the data obtained, even where they refer to materials 
previously investigated, are of value in a field of measurement remarkable for 
the lack of agreement between different workers. 

In the first method ionisation chambers are used for the measurement of 
intensity, the wave-lengths investigated lying within the range 0*3 A. to 
0*6 A. In the second method the photographic effect is used for the com¬ 
parison of X-ray intensities, and the wave-length range is extended to 2-0 A. 

When the X-ray source is a tube excited by a transformer connected directly 
to a commercial A.C. supply, it is difficult to maintain steady conditions while 
the ratio of the incident and emergent intensities is determined. This is 
especially so when a demountable type of tube is employed. The effect of 
variations in the intensity of the source has been overcome to some extent 
by the use of balance methods,* but these usually suffer from a lack of sensi¬ 
tivity, which could only be improved by increasing the widths of the spectro¬ 
meter slits, and so sacrificing homogeneity in the X-ray beam diffracted by the 
crystal. If two similar beams are employed the procedure of balancing can 
be very tedious, since a slight wandering of the focal spot on the target of the 
X-ray tube produces a continual shift of the electrometer zero. Further, 
it is essential that the wave-length of both beams shall always be the same, a 
requirement which is not easily fulfilled in the short wave-length range where 
the angles of incidence are small. 

Fast I.— Ionisation Balance Method. 

The first part of this paper describes measurements made by an ionisation 
balance method in which one beam of X-rays only is utilised. 

* Siegb&hn and Wing&rdh, 4 Phya. Z.,’ voL 21, p. 83 (1920); Wingirdh, ' Z. Phyatk,' 
vol. 8, p. 363 (1922); Stoner and Martin, * Froc, Roy. Soo.,' A, vol. 107, p. 312 (1925). 
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A beam of X-rays of small wave-length range selected by diffraction in a 
oalcite crystal, passed through two ionisation chambers placed one behind the 
other. The chambers were rigidly mounted, beams of different wave-length 
being obtained by moving the tube. Between the chambers a rotating sector 
of variable aperture was mounted together with a frame for holding the 
metal foils. 

Balance was first obtained with the absorbing foil in position, the gases in 
the chambers being mixed with air in the right porportion to give approxi¬ 
mately the maximum transmission of the sector (0*497). The foil was then 
withdrawn and the sector again adjusted to produce a balance. If T x and T a 
are the transmissions of the sector with the absorber in and out of position 
then 

(ji/p). m = 2*303 log Tj/Tj, 
where m is the mass per unit area of the metal foil. 

Experimental Details 

The arrangement of the apparatus is shown in fig 1. 



Fio. 1. 


The ionisation chambers were constructed of glass tubing 6 cm. in diameter 
with windows of cellophane, all joints being made air-tight with rubber gaskets 
so that the chambers could be exhausted. The first, C v was 15 cm. long and 
contained either sulphur dioxide or ethyl bromide, while the second, C a , was 
25 cm. long and contained methyl iodide. Ionisation currents of opposite 
sign were obtained from the chambers, and were led to a common pair of 
quadrants of a Compton electrometer working at a sensitivity 10,000 mm. per 
volt. Small insulation leaks were balanced out with the aid of an artificial 
leak produced by a uranium oxide resistance. The X-ray source was a broad 
focus Mueller tube which, after being adapted for continuous water cooling, 
could dissipate continuously nearly 1 kilowatt. 
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With a tube slit 0*10 mm. wide, 1° of the sector was equivalent to an ionisa¬ 
tion current producing a deflection of two divisions per minute. This seriously 
limited the accuracy, and an enquiry as to the effect of increasing the slit 
width was made both experimentally and by calculation. 

The effect of increasing the slit width Sj is to increase the range of wave¬ 
lengths in the beam incident on the absorber. If the width of the tube slit 
8} is 2 t y whilst the limiting slit of the ionisation chambers is 2a (a -= 0*10 cm.) 
distant D (20 cm.) from the tube slit, it was found that the rutio of the 
energy incident on the absorber to the energy entering 0 2 should be 
independent of t for slit widths less than 0*5 mm. This bmit was determined 
by the angular width of the focal spot. 

The extent to which this conclusion is justified experimentally is shown ill 
Table I, which gives the mass absorption coefficients for X 0 = 0*448 A, 


Tabic I.—Absorption Coefficients as a Function of L 


Slit (l). 

Fe. 

Ni. 

Cn. 

Mo. 

Pd. 

; a k . 

i 

mm. 

0-60 

1 

10 1 

i 

1 13 2 

1 

14 1 

34 7 

42-5 

47 9 

0 28 

10 0 1 

1 13 0 

1 13 8 

35 1 

43-7 

49-6 

0 10 

! io i 

i I 

13 4 

I 

, 13 8 

1 ! 

1 35 4 

1 

44-3 

1 

51 *2 


It has been assumed in the above calculation that the ratio of the ionisation 
to the intensity of radiation is independent of the wave-length; this is legiti¬ 
mate if the tube is operated at such a voltage that the maximum of the general 
radiation coincides with the nominal wave-length X 0 . Ulrey,* and Wagner and 
Kulenk&mpfff have shown that the wave-length X„ of the maximum intensity is 
given approximately by X„ — |X 0 , where X e is the short wave-length limit of 
the continuous spectrum. The tube was operated therefore at a voltage 
V KV given by 

*0 

This value of the voltage is compatible with the requirement that there shall 
be no second order radiation diffracted into the chambers. Care was also 
taken to adjust the position of the tube so that the beam entering the chambers 
was symmetrical about the angular position. 

* * Phy». Hov.,’ vol. 11, p. 401 (1018). 
t 4 Phys. Z.,’ vol 23, p. 503 (1922). 
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The values of the coefficients shown in Table I are for the wave-length nearest 
the K absorption edges of palladium (A K = 0 • 506 A.) and silver (X K = 0 • 485 A.). 
If the range of wave-lengths reflected is determined by the geometry of the 
apparatus, the longest wave-length reflected is 0*486 A., for the widest slit, 
so that in every case with the exception of silver, wave-lengths longer than the 
critical wave-length should be excluded. The low values for the wider slits 
in the case of palladium and silver indicate that some of these wave-lengths 
arc entering the chamber C a after traversing the absorber. Assuming a K 
absorption jump* of 7 for silver, the amount of radiation of wave-length longer 
than A* necessary to account for the difference of the values for slit widths 
0*26 mm. and 0-10 mm. is some 2 per cent, of the total beam. It seems 
probable that this amount could be scattered from the inner surfaces of the 
slit jaws. The amount scattered which ultimately falls on the crystal surface 
would decrease as the slit was narrowed. 

Since the value of (ji/p measured is independent of slit width provided the 
precautions mentioned above are observed, preliminary settings wore always 
made with the widest slits, and the balance points checked with the narrowest 
slit 0-10 mm. 

A battery-dnven generator set was available for short intervals on a couple 
of occasions, and it was possible to determine the coefficients by the direct 
method for the 0*1 mm. slit, and check the results obtamed by the balance 
method. 

The final values of fx/p obtained for the different absorbing materials used 
are shown in Table II. 


Table II.—Values of p./p for slit width 0*1 mm. 


Wave-length. 

Fe. 

Ni. 

Cu. 

Mo. 

Pd. 

Ag. 

L 

0-320 

3-85 

4-eo 

5-20 

14 0 

17-7 

20-4 

0-387 

600 

8 65 

0-25 

23 0 

29-6 

34*2 

0 448 

; 10 1 

13 2 

13*0 

35-4 1 

44*3 

51*2 

0-606 

1 15 0 

18-7 

19-6 

40 4 

_ 



10*6 

24-3 

25*8 

64*8 

12*5 

14 2 

0-505 

23*5 

1 

20*3 

31*1 

—• 

14*5 

17*0 


While the method above possesses advantages, it still suffers from a weakness 
inherent in all balance methods. The balance is determined by measuring 
the ionisation currents when the balance is disturbed first in one direction and 

* " Haudbuoh der Experimentslpliyiik,*' vol. 24, part 1, p. 257. 




203 


X-Ray Absorption Coefficients . 

then in the other so that the necessity for maintaining the source constant 
is not wholly eliminated. In the second scries of measurements the apparatus 
was essentially the same as that used by Stoner and Martin (ioc. cii.), with the 
exception that the ionisation chambers are replaced by a photographic film. 
This integrates the energy falling on it, and so can be used in such a manner 
that the effects of source variations are eliminated. 


Part 2—Photographic Balance Method. 

Two beams of X-rays are limited by slits & x and S a , giving two short spectrum 
lines L x and L a of the same wave-length one above the other, os shown in fig. 2. 
A foil, mass per imit area m f , is interposed in the path of one beam, and an 

S a 

L, 

La 

too. 2. 



aluminium foil, mass per unit area m a , in the path of the other. If 1° is the 
incident intensity in each case, and I* and I a are the emergent intensities 
respectively, then 


(t*/p). = IT* (H/P), 


m. 



Actually no attempt was made to ensure that the incident intensity was 
accurately the same for each beam. A picture of the emission Ime was taken 
with the absorbing screens withdrawn and the intensities of L t and L t measured. 
If I B ° and I 0 ° are the intensities, the final expression for (p,/p)^ is 


(m7p). = ~~ (M’/p). 

tn M tn m 



The value for (|x/p) a was taken from measurements made by a number of 
workers.* The best representation of the values available in the wave-length 
range 0*4 A. to 1 -9 A. was found to be 


fi/p = 14 - 3 X 2 88 . 

This is almost identical with the expression [ij p = 14*0 X 2 92 given by Allonf 


* “ Handbuch der Experimentalphysik," loc. tit., p. 231. 
f * Phys. Rev./ vol. 28, p. 907 (1920). 



204 


L. H. Martin and K. C. Lang. 

for a range of wave-lengths extending from 0*08A. to 3-93A, and the 
expression [x/p = 14*3 X 2 91 found recently by Baokhurst* for the wave¬ 
length range 0*6 A. to 2*0 A. 

Experimental Details . 

A demountable type of X-ray tubef was used, the target of which could be 
readily changed to give suitable characteristic radiations. These were 
analysed with a calcite crystal and registered on the photographic film as the 
corresponding line spectrum. The wave-lengths of the principal lines have 
been measured accurately in special precision spectrographic work,} so there 
can be no doubt of the wave-lengths used. 

Soon after these measurements were started, the authors were made aware 
of an extensive series of measurements carried out by Jonsson§ in which a 
photographic method had been used. He arranged a rotating disc to cut out 
different fractions of the reflected beam, and matched the density of the line 
transmitted through the absorber. This method has the advantage of measuring 
absolute coefficients, but the procedure is rendered somewhat lengthy by the 
number of photometer records which have to be made. The use of a rotating 
disc also limits the measurements to one line per exposure. The method 
described here has the advantage that several lmes can be recorded on one 
film simultaneously. 

Some X-ray intensity measurements]| carried out in this laboratory in 
connection with chemical analysis, indicated that greater accuracy than that 
obtained by Jonsson—probably in many cases less than 3 per cent.—should 
bo possible, and it was decided to continue this work and investigate the 
possible accuracy using a photographic method. 

Photographic Measurement of Intensity . 

The film used was Agfa double coated X-ray film developed in a metol- 
hydroquinone developer recommended by the makers, care being taken to 
cany out the development alwayB at 18° C., and to agitate the film during 
development. Slight variations in the film have little effect as a result of 
the procedure adopted. The intensity of a beam of X-rays, I, is related in a 

* • Phil. Mag.,’ vol. 7, p. 353 (1929). 

t Martin, 1 Proc. Camb. Phil. Soo./ vol. 23, p. 783 (1927). 

X Siegbahn, u X-ray Spectroscopy ” (1925). 

$ u Dissertation,” Uppaala (1928). 

|| Eddy and Laby, 1 Proc. Roy. Soo./ A, vol. 127, p. 20 (1930). 
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definite manner with the density D produced by it on a photographic film. 
Density is defined as log 10 I 0 /I„ where I 0 is the intensity of a beam of light 
after it has passed through the film exposed to general radiation on either 
side of the line and I t is the intensity of this beam after it has passed through 
the line. A Moll microphotometer was used for the measurement of the 
densities. 

The following procedure was adopted in determining the relation between 
I and D. The double slits were replaced by a triple slit system. Aluminium 
sheets of known thickness were interposed in the path of two of the three 
beams, thus cutting down the intensity of these by known amounts. An 
exposure was made, then the film holder was moved slightly, and a second 
similar exposure made, with new thicknesses of aluminium. Usually three 
such exposures were made on each piece of film, the tube emission being held 
as constant as possible during the exposures. Variations of emission which 
did occur were slight, and could be allowed for from the measured density of 
the unabsorbed beam for each exposure. 

The film was calibrated for three wave-lengths namely, 1*537 A. (CuK n) ), 
0*558 A. (Ag K ai ), and at the bromine K absorption edge 0*918 A. For this 
last the Ly, (0*924 A.) and L yi (0*901 A.) lines of gold were used, the bromine 
edge lying between the two. The points obtained with each radiation, when 
D is plotted against log I, fall on a smooth curve over the range of densities 
measured, that is, from 0*1 to 1*2, and, within the limits of experimental 
error, the curves for the three wave-lengths are identical. In fig. 3 it will be 
seen that the density is proportional to the intensity for densities lower than 
0 * 8 . 

The linear relation between D and I for densities less than 0*8 has been 
observed previously by Friedrich and Koch* and by Glocker and Traub,f 
both of whom used approximately homogeneous radiation. More recently 
BusseJ has obtamed the same result using crystal analysed radiation. The 
independence of the Hurtcr and Driffield curves of wave-length has been 
established by Glocker and Traub over a range of wave-lengths 0*4 A. to 
1*1 A. They used the K series fluorescent radiations of different elements. 
Bouwers§ has extended the range, using filtered radiations of mean wave¬ 
lengths 0*18 A., 0*71 A. and 1*54 A. Similar results have also recently 

* * Ann. Physik,* vol. 45, p. 399 (1914). 

t ‘ Phys. Z.; vol. 22, p. 345 (1921). 

J * Z. Physik,’ vol. 34, p. 11 (1925). 

§ ‘ Z. Physik,* vol 14, p. 374 (1923). 
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been obtained by Rogers* for y rays which were filtered by different thicknesses 
of lead. 

Sinoe the H and D curves for the Agfa film used at the two extremes of the 
wave-length range wore identical with that at the bromine K edge, where any 
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Fig. 3. 

change of behaviour might reasonably be expected to be most pronounced, 
it was deemed unnecessary to calibrate the film for each separate wave-length 
used m the absorption measurements. 

During the experiments a curious photographic inversion effect was observed. 
The L series lines of gold were registered on a film, but, owing to a breakdown 
of the window of the tube, the bare film was accidently light fogged by the 
filament of the tube. On development the lines appeared as white lines on the 
dark ground of the light fog. It was found, however, that with the same 
relative densities the effect is not produced when the film is light fogged before 
the X-ray lines are registered on it. 

Fig. 4 shows the photometer curves for the case of the iron K, lt lines. One 
half of the film was protected, while the other was exposed to a very weak 
source of light after the X-ray lines were registered. These curves emphasise 
the importance of a safe dark room as the slightest light fog would diminish 


* ‘ Proo. Phys. Soo.,’ vol. 43, p. 69 (1931). 
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the densities of different lines by amounts depending on the relative densities 
of the lines and the fog. 

Absorption Experiments. 

The following procedure was adopted for the measurement of absorption 
coefficients. The crystal was rocked by means of a heart-shaped cam, and the 
spectrum of the target registered first without the absorbing foils in position. 
The film holder was then displaced slightly and the lines registered after passing 
through the foils. In order to eliminate as far as possible errors introduced 
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Fig. 4. 

by lack of uniformity m the metal foils, these were mounted just behind the 
crystal where the reflected beam covers the greatest area. The exposures 
were chosen so that as far as possible the densities were less than 0-8 when the 
densities could be taken directly as measures of the intensities. For densities 
greater than this the intensities were calculated from the H and D curves. 

A typical set of results is given in Table III for nickel. 

The ratio mjm m was adjusted to keep the difference term as small as possible, 
usually a few per cent, of (p/p).. 

The collected results for this experiment are given in Table IV. Log p/p is 
shown plotted against log X m figs. 5 and 6, for two typical cases, silver and 
copper respectively. 
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Table III. 

m m = 0-0859 gm, cm, - *; m a = 0-830 gm. cm. - *; X = 0-558 A. 


Film. 

Density. 

i 

Log intensity 

24 Mp)a- 


(pIp) 

I a , I fl . 

TOT® 
A e * 1 a * 

8 w 

1 

0-636 

0-683 

0*810 

0*960 

0 640 0 842 

0 084 0 930 

26-3 

-1*3 

24 0 


0*664 

0 691 

0 860 
0-964 

0 066 0*874 

0 688 0 931 

— 

-0 9 

24*4 

2 

— 

— 


25*3 

-1 2 
-0 6 

24*1 

24 8 

3 

— 

— 

1 

26 3 

0 

-0*2 

26 3 

25*1 






Mean 

24 6 ± 0 4 


Table IV.—Values of fx/p from Photographic Measurements. 


Line. 

A.U. 

Fe. 

Ni. 

Cu. 

Zn. 

Ag. 

Sn. 

Fe Ka L 

1*93 

71 

93 

98 

106 

_ 

_ 

Ni Ka & 

1*66 

427 

62 

66 

77 

— 

— 

Ou Koj 

1*64 

327 

47*3 

49 4 

68*3 

— 

— 

WLa, 

1 49 

— 

— 

46*4 

64*6 

— 

—. 

W La l 

1*47 

280 

332 

46*4 

54*1 

— 

247 

Zn Ka| 

1 43 

270 

322 

42*1 

50 2 

193 

233 

Au La. 

1*29 

— 

— 

261 

36-9* 

144 

174 

W hp l 

1 28 

— 

— 

— i 

264* 

— 

— 

Au La« 

1 27 

194 

230 

264 

— 

136 

166 

WL/J, 

1*24 

184 

— 

231 

265 

126 

163 

W hy l 

1 10 

— 

— 

— 

186 

— 

— 

AuL& 

l 08 

129 

146 

166 

177 

89 

108 

AuLft 

1 07 

120 

139 

167 

166 

83 

106 

Au Ly, 

0*92 

80 3 

97 

110 

120 

67*0 

66*5 

MoKa, 

0*71 

37*6 

49 

51 -2 

58*2 

28*4 

32 6 

Mo Kft 

0*63 

28 6 

34*2 

38 1 

— 

20*6 

23*5 

Ag Kai 

0*66 

20 3 

24*6 

26 8 

29*6 

14*4 

17*6 

AgKft 

0*50 

14*6 

17 8 

19 0 

21*4 

10 0 

11*9 

Sn Ka, 

0 49 

13-9 

16*1 

18*6 

20*5 

— 

10 2 

SnK ft 

0*43 

9*7 

12-2 

i 

12 9 

14*5 

i 

46 6 

8*7 


* Siegbahn in his “ Spectroscopy of X-rays,” p 138, quotes for the wave-length of the K 
absorption edge of sine, 1 296 A, (measured by Duane, Blake, Hu, Stenstrom, Frieke, Shimidsu), 
and 1*280 A. (measured by Walter). The value obtained from the miorophotometer records 
of these lines agrees exactly with that of Walter. 
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Companion of Remits, 

The coefficients for metals common to both experiments agree m general 
within the limits of experimental error m the overlapping range of wave¬ 
lengths. The coefficients can be represented by relations of the form 
|x/p - «X n + 6, where a, n and b have the values as shown in Table V. 

The accuracy of these experiments is not sufficiently great to justify an 
evaluation of the residual b in moat cases. This quantity, usually identified 
with the scattering coefficient, is only of importance, in so far as it affects 
the exponent of X, for the shortest wave-lengths. 

In the case of the four lighter elements, Fe, Ni, Cu and Zn, the results on 
the short wave-length side of the K edge resolve themselves into two parts. 

? 


VOL. GXXXVT1.—A. 
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Table V.—Values of a , n and b. 


Element. 

1 

Wave-length inngo, | 

1 

- i 

a 

b. 

Fe 

0 3 A. to 0 6 A 

3 0 

111 

0 2 


0 6 A to A Fo k 

2 74 

100 

— 

Ni 

0 3 A. to 0 e A. 

2 97 

138 

0 2 


0 6 A. to A Ni k 

2 68 

120 

— 


A Ni k to 1 9 A 

2 97 

13 4 

— 

Cu 

0 3 A to 0 6 A. 

2 95 

145 

0 2 


0 6 A to ATuk 

2 74 

130 

— 


A Cu K to 1 9 A 

2 81 

15 2 

-- 

Zn 

04 A. toO 7 A 

2 91 

162 

0 2 


0 7 A to A Zn K 

2 61 

145 

— 


A Zn k to 1 0 A 

2 87 

j 17 6 

— 

Mo 

0 3 A. to 0 0 A 

2 75 

1 322 

— 

Pd 

0 3 A toO 6 A 

2 75 

406 


Ag 

0 3 A to A Ag K 

2 75 

470 

- 


A Ag k to 0 7 A 

2 94 

78 

— 


0 7 A to 1 4 A. 

2 74 

72 

- 

Sn 

A su K to 0 a A. 

2 92 

88 5 

0 5 


0 9 A to 1 cA 

2 72 

8<> 

— 


Near the K edges the exponents of X have values between 2-6 and 2*7, but 
become greater than 2-9 for the shortest wave-lengths When log p/p is 
plotted against log X, see fig. 5, the change in slope is quite distinct, but the 
number of points on the curve is not great enough to decide whether the 
change is an abrupt one. Unfortunately, there are few emission lines which 
can be conveniently excited in this critical range of wave-lengths This 
change of exponent near the K absorption edges in the case of these elements 
was first observed by Allen,* and the values of a, n and 6 given in Table V 
are m fair agreement with those given by him Particularly good agreement 
is found m the case of copper with results given by Baekhurst,f who finds 
p/p = 131 X" 7 " for the range 0-6 A. to X K) indeed, for this element the 
values of p/p found by Allen, Backhurst, Jonsson, and ourselves agree to 
within 3 per cent in the ranges of overlapping wave-lengths. 

In the case of Mo, Pd and Ag, the wave-length range is not great, but the 
exponent of X appears to be very close to 2*75. For Mo and Ag, Richtmeyer 
and Bishop J find p/p = 375 X 3 + 1 and p/p = 545 X s + 1 respectively, while 

* ‘ Phye. Rev.,’ vol. 28, p. 907 (1926). 
t ‘ Phil. Mag/ vol. 7 , p. 363 (1929). 
t ‘ Phya. Rev./ vol. 27, p. 294 (1926). 
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for Ag, Allen* gives x/p = (540 580) X 2 9L \ On the other hand, Bragg and 

Peircef in some early measurements found that the total absorption coefficient 
was proportional to X 5/2 Stoner and Martin for silver and palladium also give 
2*5 for the exponent, although as they were forced to use fairly wide slits (up 
to 0*3 mm.) it is probable that this value is slightly low, on account of the 
effect, associated with the use of wide slits near an absorption edge, discussed 
in the first part of this paper It will be noticed that the value given to the 
residual b by liichtmeyor is probably much greater than the scattering 
coefficient. Since the total absoiption coefficient itself is not very great, this 
would have the effect of giving a high value of the exponent. While it may be 
contended that faulty spectrometer arrangements have been responsible for 
low values of n near the K absorption edges of heavy elements, this objection 
cannot hold in the case of iron, nickel, copper and zinc, since the measurements 
were made with spectrum lines, and there can be no question of the homogeneity 
or the wave-length of these 

On the long wave-length side of the K edges the exponent is at first approxi¬ 
mately 2*9, but for wave-lengths on that side, far removed from the edge, n 
falls to a lower value, of the order 2*7 This change is well shown in fig. 6 
for silver, and is m good accord with the results of Allen for silver and tin. 
Backhurst, on the other hand, finds that a straight line is obtained when log p/p 
is plotted against log X for silver The slope of this line is 2*79. In view 
of this lack of agreement it is interesting to notice tin* effect which an error 
in p/p produces m the exponent of X Suppose an oiror A produces a change 
S in r?, i e. t 

(li/p) -1- A - «X" + * 1-6. 

Then 

8 — lop {1 -f- A/((jt/p)}/lo«j X 

Since log X occurs m the denominator it follows that a systematic error 
m \i/p produces values of S of opposite sign on each side of X — 1. The 
numerical value becomes large at this point, decreasing rapidly on either side. 
Assuming a 2 per cent error in p/p, S has the following values :— 

X (A.) . 0*5 0*9 1-1 1-5 

8 . —0*03 —0*2 -(-0*2 +0*03 

It will be seen from this table that there is a maximum uncertainty m the 


* ■ Phys. Rev.,’ vol. 29, p. 299 (1929). 
| * Phil. Mag.,’ vol. 28, p. 620 (1924). 
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slope at 1 *0 A. This region is a critical one, since it effectively determines the 
change m the slope of the log [x/p — log X curves. 

The photographic measurements suffer from the disadvantage that they 
yield relative values only. The percentage error in [x/p is proportional to the 
sum of the errors in w 0 , m x% and (fx/p) a] . We estimate that the values of 
((x/p) a i used by ua have a possible uncertainty of 1 per cent. The error in 
m a is always negligible compared with that in We believe that our 

ultimate accuracy was almost wholly determined by that of m x . It was 
impossible to make measurements for Ag and Sn for wave-lengths greater 
than 1-473 A., since it was found that lack of uniformity m the metal foils 
available produced large variations in density along the spectrum lines. 

A comparison method possesses one valuable feature. It shows directly 
whether the absorber is following the same law of absorption as the standard 
substance. In the present case 

(jj/gh = + 2'808 j og L. 

(n/p).I »** (n/p)»l V 

If the exponent of X is the same for both elements, and the scattering 
coefficient may bo neglected, log y j( /p)ai should be a constant. For example, 
in the case of Zn we had 

■ 2 303 . log jfl 


A 

t V 




1 

•655 1 

1 257 

0 

007 

] 

485 

1 257 

0 

014 

1 

473 

1 257 

0 

010 

1 

432 

1 257 

0 

on 


Some measurements were made to give absolute coefficients using the photo¬ 
graphic film, but it was found difficult to reproduce results to better than 5 per 
cent. In the balance method the effects of variations in photographic film 
and development are reduced to a minimum, coefficients being reproducible 
to at least 2 per cent. The mam advantage of the photographic method lies 
in the fact that it deals with a homogeneous beam This is particularly 
important near absorption discontinuities. The photographic effect is a 
cumulative one, making possible the use of faint lines and comparatively thick 
absorbing screens. With care the films form a permanent record. It must be 
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admitted, however, that owing to the time taken in the photometry of the film, 
the method is slow'. 

Discussion of Results. 

A number of expressions, theoretical and practical, have been put forwaid 
in an attempt to represent the absorption coefficients as a function of the 
atomic number Z of the absorber, and wave-length X of the absorbed radiation 
Tin 1 simplest of those is that derived empirically by Hull and Rice,* Richt- 
meyer and Warburton,f and Richtme\er,J who find for the short wave-lengths 
(0*1 A to 0*4 A): 

p./p-aX 3 + 6 (1) 

Walter§ has extended the use of this formula to represent the available 
data in a range of wave-lengths 0 -1 A to 1 0 A. He states that the following 
values of a represent the available data with an accuracy of the order of 5 
to 7 per cent. For 

X < X K « - - 1 • G X 10 *Z ,W /A 
X > X K a — 5-29 X 10" 4 Z 4 »°/A J 

Here A is the atomic weight, and X is measuied m Angstrom units. The well- 
known theoretical expressions of L de Broglie)| and Kramers^f are of this type. 

There can be no doubt, however, that the departure from the X 3 law, at 
least in the case of Fe, Ni, Ou and Zn, is a real one. For example, in the 
case of Fe, extrapolation from a wave-length 0*3 A to X K with a X 3 law gives 
a value of p/p, which is nearly 20 per cent, greater than the value observed. 
The present experiments show that m the case of the heavy elements also, 
the exponent is less than 3 near their K absoiption edges. This has led .T. A. 
Gray** to modify equation (1) in the following manner 
For 0* 1 A. < X < X K he gives 

- . ^ = 1-93 X 10 2 « (1 -\- 0-008 Z) (1 - -—) Z‘X 3 

p L 4 Ak oO X 

for X K < X < X,., (3) 

T ^ 0-255 x 10-*® Z‘>. 2 ‘ 

P ^ 

* ‘ Phvs. Rev.,’ vul. 8, p. 328 (1!) HI), 
t ‘ Ph\H. Rev.,’ vol. 22, p. 539 (1923). 
x * Phys. Rev.,’ vol. 27, p. 1 (192H). 

J) ‘Fortschr. Rontgenstr ,’ vol 35 (1927). 

|| ‘ J. Physique,’ vol fl, p. 33 (1922). 

II ‘ Phil. Mag,’ vol. 44, p. 83« (1923). 

** ‘ Proc. Roy. Soo. Canada,’ vol. 21, p. 179 (1927). 
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But both of these general empirical relations fail to give a good representation 
of the ratio, the K + L + etc., to the L + M f etc. absorption, over a range 
of atomic numbers. It has already been pointed out by Richtmeyer, and by 
Stoner and Martin, that the expressions of both de Broglie and Kramers fail 
to account for the observed values of the K jump. According to Kramers the 
K jump should be approximately 5*5 for all elements, while the values given 
by de Broglie are much too great, although they vary with atomic number m 
the right direction 

Richtmeyer* and Jonsson (loc. cU.) have both pointed out the striking fact, 
that the K jump is approximately equal to E K /E Ll , the ratio of the energy 
levels of the K and L x electrons respectively. Table VI shows that the 
present results are m excellent accord with this principle 


Table VI.—Values of the K Jump 


Element. 

Ek 

El/ 

Authors. 

Allen. 

Jonsson 

Richt¬ 

meyer 

Stoner 

and 

Martin. 

Back- 

hurst. 

i 

Walter. 

1 Gray. 

Fe 

8-46 

8 8 

9 2 





9 4 

8 0 

Ni 

8 32 

8 0 

8 2 

8 3 

— 

— 

.— 

9 1 

7 7 

Cu 

8 23 

8-3 

8 5 

8 2 


— 

8 15 

9 0 

7 6 

Zn 

8 IS 

7 7 

7 ft 


— 

— 

— 

8 9 

7-4 

Fd 

6 77 

6 6 

— 

— 

— 

6 8 

— 

7 6 

5 7 

Ag 

6 72 

6 7 

7 3 

— 

7 3,7-8 

6 7 

— 

7 ft 

6*5 

i 


Jonsson, making use of this principle, has found that absorption coefficients 
can be satisfactorily correlated in a manner quite different from any hitherto 
suggested. He calculates an electron absorption coefficient by dividing 

t A 

the atomic absorption coefficient —. r for the K + L + M, etc., electrons 

P L 

by Z. If X > X K so that the L + M + etc. electrons only are concerned, 
(g # ) is multiplied by the K jump (given by E K /E T J, or if the M + N, etc., 

E E 

electrons only are concerned, by —- . . 

Ej,, E M| 

Jonsson finds that log plotted against log (Z . X) gives a smooth curve 
the equation of which is 

(iOk = CJ. (Z . X) /(Z A) , (4) 

wheie, according to Jonsson, / (Z X) changes continuously from 3 to 2-3 as 
(Z. X) changes from 8 to 800. With this curve Jonsson is able to represent 
the data of different observers with an accuracy of the order of ± 5 per cent. 


♦ 1 Nature/ vol. 120, p. 915 (1927). 
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In adjusting the relative importance of the different electron shells in the 
absorption process, constant values of the different jumps have been used, 
but the relations in Table VI show clearly that the K jumps, at least, vary 
with the wave-length. In some new experiments we have recently obtained 
evidence of a similar variation in the case of the L jumps of tungsten. The 
relative absorptions due to 1 ho L shells were deduced from measurements of 
the intensities of chosen lines m the L series, when these were excited by X-rays 
of different wave-length. For a change of wave-length in the exciting radiation 
1 -0 A. to 0 ■ 45 A. the absorption of the Lj shell relative to the Ln shell increases 
approximately 17 per cent, while the relative absorptions of the L n and L IU 
shells remain unchanged. At present, however, it is impossible to reduce the 
absorptions of the different shells to a common basis, but in view of Jonsson’s 
result it seems possible that if this could be carried out a simple relation might 
be found to exist between the absorption produced by electrons in a condition 
common to all, and the two parameters, Z and X. 

Wentzel* has attacked the problem of absorption using the methods of 
wave-mechanics. He considers the case of a hydrogen-like atom and obtains 
for the K absorption coefficient 

(-). A - 1 -82 X 10 12 ([3 (A) X ,/2 + (B) V'*], 

\ p / A k f 

where A and B cannot be theoretically evaluated. 

Replacing X K by a constant multiple of Z _a 

(l) . A = aZ 8 X 7/2 + 6 Z«X 3 + cZ 3 X 5 2 . 

P' 

As might be expected, this expression can be made to fit the experimental 
Tesults fairly well. At present the accuracy of the large body of experimental 
results is not sufficient uniquely to determine the constants a , b and c, so that 
it is impossible to decide whether they are themselves independent of Z and X. 
The following values : a^5*0X 10~ 6 , b = 3*0 X 10’ 3 , and c = 1*70 X 10 " 1 
have been found to represent the K absorption to better than 5 per cent. 

Summary. 

Two balance methods for thp measurement of X-ray absorption coefficients 
are described, one an ionisation, the other a photographic method. 


* 1 Z. Physik,’ vol, 40. p. 575 (1926). 
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In connection with the latter, a detailed account is given of the comparison 
of X-ray intensities by photographic means. 

Absorption coefficients have been measured for Fe, Ni, Oil and Zn over a 
range of wave-lengths 0 3 A. to 2*0 A., while those of Mo, 1M, Ag and Sri 
have also been measured, but over shorter ranges. 

The values of jx/p are compared with those of other observers and the value 
of the exponent of X in the law of absorption shown to be a function of X, 

It is shown that for Fe, Nj, Cu, Zn, Pd, Ag, the K jump equals E k /Ei J( m 
agreement with the observations of Kichtmeyer and Jonsson. 

The values of , for the K absorption of the above elements, can be 
P k 

represented by the following expression 

(-) .A" 5*0 X 10 5 Z 5 X 7 * -1 3-0 y 10 -a Z 4 X 3 f 1 -70 X NT 1 Z 3 X 5/1 . 

P'k 

In conclusion, we wish to thank Piofessor T. II. Laby, F.R.8., for hrs helpful 
criticism in this ivork. 


On the Hyper fine Structure of Certain Hg I Lines in the 
Electrodeless Discharge . 

By T. S Subbaraya and T G, Srinivasa Iyengar 
(Communicated by Lord Rayleigh, For. Sec K.S. —Received March 3, 1932 ) 

[Platk 11 ] 

lntroduetioy ) 

The hyperfine structure of a large number of mercury lines has been investi¬ 
gated by several observers and their results often show considerable variations, 
wlucli have often been ascribed to the different modes of excitation. The 
line 4916 A is one which exhibits such differences. Jamcki* and other early 
observers have described this line as single, while Hansenf was the first to 
resolve it into five components, the satellites being quite close to the mam 

* * Ann. Phyaik,’ vol 29, p 833 (L909), 
t 4 Natuie,’ vol. 119, p. 237 (1927). 
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line. Venkatesachar.* using a long column of low density arc discharge, 
photographed a pattern which showed six or seven components. Subsequently 
the wave-lengths of these lines were fixed by Venkatesachar and Stbaiyaf 
from fresh photographs taken with a number of Lummer plates, using the 
axial radiation from an arc discharge about a metre long. Later Tolansky,J 
using a high frequency electrode]ess discharge, reported that he failed to 
observe the structmo recorded by Venkatesachar and Sibaiya. 

Experimental 

It was thought desirable to analyse the line 491G A. and other mercury 
lines with a view to tracing the source of this difference, and particularly to 
see if the structure changed with the mode of excitation A diagram of the 
apparatus is shown in fig. 1. 
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Fio. I. 


The mercury, purified and distilled, was placed in the hide lunb T, attached 
to the mam tube over which a large number of turns of enamelled copper wire 
were closely wound. The ends of this coil were joined m series with a number 
of Leyden jars and a spark gap connected to the terminals of tho secondary of 
a 10,000-volt wireless transformer. The apparatus was evacuated by a Cenco 
Hyvac pump, which was kept running throughout an exposure An air jet 

* “ Presidential Address, Mathematics and Physics Section, Indian Science Congress '* 
(1930). 

t 4 tT. Mysore Univ.,* vol. 4, p. 145 (1931). 

J ‘ Proc. Roy. Soc.,* A, vol. 130, p. 568 (1931). 
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was directed against the spark gap to prevent arcing. The discharge was found 
to be very bright when the tube was heated to about 100° C. by a heating coil 
wound over a glass tube G x and slipped over it. The observation window was 
also kept free from the troublesome deposit of mercury by keeping the heated 
glass tube G 2 m front of it. The oscillations were found to correspond to a 
wave-length of 1011 metros as measured by a precision wavemeter. The 
energising coils were closely wound because we found that this brightened the 
discharge. This probably speaks for the electromagnetic origin of this kind 
of damped oscillatory discharge.* 

The axial radiation from the tube described above was analysed by means 
of two Lummer plates made by Hilger, one of glass of 4*7 mm. thickness, and 
the other of quartz 7*44 mm. thick, placed after the collimator of a Hilger 
constant deviation spectrograph. The light was polarised by a Nicol when the 
quartz plate was used. The plates were measured on a Hilger’s photo- 
measurnig micrometer and also on a Gaertner measuring microscope The 
wave-lengths were determined in the manner detailed by Schrammenf and 
also according to the method proposed by P. Kunze.J The results from the 
different plates agree to within 0*005 A.; we could not push the accuracy 
much farther since a large number of plates could not be measured. The 
observed wave-length-separations of the satellites are given below. 


Randts. 


4916. 

6123. 

6234. 

6072 

8A Ini fiy 
+0*145(2) —599 

+ 0 248(6) 

+0 074 (5) 

+0 036(7) 

+0 040(!) -left 

4 0 168(7) 

0 (10) 

0 (10) 

t-0 028(2) -116 

+ 0 086 (6) 

-0 055 ( 3) 

-0 044 (8) 

0 (10) 0 

0 (10) 

— 

-0 156(6) 

-0 026 (3) ) 107 

1 “0 082 (?) 



-0 062 (1) +215 

- 

__ 

— 

- 0 160 (3) -) 620 


-- 



The lino + 0 088 observed by Venkatesachar and Sibaiya falls on —0 150 in the glass Lummer 
plate and on —0 052 in the quartz plate. 

* This aspect of the question has been much discussed ; see J. J Thomson. * Phil. Mag 
vol. 4, p. 1128 (1927); Townsend and Donalson, * Phil. Mag.,’ vol. 5, p. 178 (1928); 
Nethercot, 4 Phil. Mag.,’ vol. 7. p. 600 (1929); McKinnon, 4 Phil. Mag.,* vol. 8, p. 605 
(1929), Stuhlman, jr , and Whitaker, 4 Rev Sci Inst.,’ vol. 1, p. 772 (1930), Brasefield, 

4 Phys. Rev.,* vol. 35, p, 1073 (1930), vol 37, p. 82 (1931), Smith, Lynch and Hilberry, 
4 Phys Rev .’ vol. 37, p. 1091 (1931). 

t 4 Ann. PhyBik,* vol. 83, p 1161 (1927). 

J 4 Ann. Physik,* vol. 79, p. 531 (1926). 
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Theoretical. 

Commenting on the structures obtained by them, Venkatesachar and Sibaiya* 
suggested the possibility of interpreting the complicated hyperfine structure of 
Hg I lines if two different nuclear moments of £ and 1 £ wore assigned to two 
different isotopes of mercury. Recently, in a very interesting paper, Schuler 
and Keystonf have shown that the structures can be quantitatively explained 
if to the isotope 199 is assigned a nuclear moment while to the isotope 201 
is ascribed the moment 1\, and MurakawaJ has come to the same conclusion* 
Now, the structure given by these authors for 4916 A does not agree completely 
with that given here. Hence an attempt was made to see whether the present 
results agreed with theoretical expectations. The guiding principle here is 
that the same common differences should occur in the same order in all the 
lines 4916, 5791 and 5770 which have the G 1 P 1 level m common. On the basis 
of the common differences 243, 360 and 600 occurring in all three, the structure 
of the 6 1 P 1 level was fixed ; with the help of this and the known structure of 
5791 the separations of the G'Dq level were obtained. Taking the structure 
of the 6 a P 2 level as given by Murakawa and that of the 6 *D 2 level obtained 
above, the structure of the line 3663*28 (6 3 P a —was deduced. This 
theoretical structure is in agreement with that obtained experimentally. 
Similarly, from a knowledge of the G 3 P 2 level and the structure of the line 
3654*83 (6 a P 2 ~-6 a D a ) the intervals of the level 6 3 D a were fixed ; combining 
this with the structure of the 6 l P t level, the structure of the line 5770 (6 1 P 1 ” 
6 a D a ) was obtained and found to be in agreement with the experimental 
structure. The values here assumed for 4916 are the weighted averages of Ven¬ 
katesachar and Sibaiya’s and our own measurements, while the structures of 
the other lines are taken from Nagaoka § Level schemes and the structures 
of the lines arc given below, and notes on individual lines have been added. In 
the diagrams of the structures the heights of the lines indicate the observed 
intensities, while the theoretical intensities calculated as a percentage of the 
total intensity of the line are marked at the top of each line. Theoretically 
predicted but unobserved components are distinguished by placing a small 
cross below. Some components which have been observed, but which do not 
find a place in the scheme, are left without their theoretical intensities being 
marked. Lines duo to even isotopes are marked with broken lines. The 

* * J. Mysore Univ.,’ vol. 4, p. 148 (1930). 
t ‘ Z Physik,' vol. 72, p. 423 (1031) 

J 4 Z. Physik, 1 vol. 73, p 306 (1981). 

& ‘ Sci. Papers, Ph>s. Chem. Res. Tokyo,’ vol. 13, p. 217 (1924). 
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observed wave-number separations in thousandths of a cm." 1 are given below 
each component, and also on the line indicating that transition in the level 
scheme. The Roman numerals I, II, III and IV stand for the even isotopes 
198, 200, 202 and 204 respectively 

4916.—This line shows more components than theory can account for. The 
very close satellites that have been observed by Hansen and others do not fit 
into the scheme of levels of the odd isotopes as given here. The structure of 
the 6 1 P l level now proposed appears to be the correct one as it has been tested 
in the lines 5791 and 5770. The magnitudes of the separations of the close 
components are very small and are nearly of the same order as those of the 
components of the main line of 5461 Since the hitter can be explained by 
asciibmg a nuclear moment to one of the even isotopes * we make the 
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Not* —The satellites | O 055 and — 0-006 have been gnen by Hansen and Tolansky; 
0 044 is a satellite predicted by the theory here proposed, but too close to 
- 0 066 to lie lesolved. 


* H. Schuler, ‘ Natunviss vol. 19, p 950 (1931). 
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suggestion that these close satellites are to be ascribed to the isotopes 200 and 
202 with a nuclear moment 1. But the suggestion has to remain tentative till 
other independent evidence is adduced in its favour. Even after this extension 
of the theory there is one satellite at f 0*300 which does not figure m the 
scheme, though it is indubitably exhibited in the nucrophotometer curve 
(marked C in fig. 3) of a pattern of 4910 taken from one of Venkatesaehar and 
Sibaiya’s plates by Mcst>rs Carl Zeiss and reproduced in fig 3. A theoretical 



Ficj 3 — Microprogram of n pattern of 491b A taken with a quartz Lummer plata 

7 44 mm. thick, (Reproduced with kind jKTimsBion of B. Venkatesaehar and L. 

Sibaiya ) 

curve based upon the calculated intensities and on considerations of the 
resolving power of the quartz Lummer plate used is given in fig. 4 for compari¬ 
son. The component + 0 300 has been marked here by a curve with broken 
lines since it is not obtained theoretically, and it is easy to see that the small 
hump at C m fig 4 is due to this satellite The existence of such satellites 
is not peculiar to this line, for even in the ease of 5461 a satellite occurs at 
8X =-- 0*154, which does not come into Schuler and Keyston’s scheme 
Considering the uncertainties introduced by the photographic plate, the 
agreement may be considered satisfactory The structure now given removes 
the anomaly noted by Schuler and Keyston in the isotope displacements of 
the 1 P 1 levels The lines 3655 (6 3 P 2 ~ 6 3 D 2 ) and 3126 (6 3 P X — 6 3 D a ) show a 
displacement of about 400 (in thousandths of a cm. -1 ) in the positions of the 
even isotopes, which must be ascribed to the 6 3 D a level since both the 6 3 P a 
and 6 ^ levels show no such displacement. Now 5770 (6^—6 3 D a ) shows 
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a displacement of about 160, so that the displacement of the 6^! level is 
about 250 The line 4916 shows a somewhat smaller displacement, while 
5791 shows a displacement of about 1500 Considering the approximate 
nature of the magnitudes of these displacements, we may conclude that the 



Fio 4.—Theoretical intensity distribution in 4910 A. for comparison with fig. 3. 


displacement of the 6 1 P 1 level is about 250 and that the 6 1 D a level has no 
displacement. The fact that the line 3663 (6 3 P 2 —6 1 D a ) shows no displace¬ 
ment will then be explained. The anomaly in the magnitudes of the fine 
separations of the X P X levels is also partly removed. 

5791.—The component at +0-753 has been observed by Janicki, though 
Nagaoku omits it. The assignment of +0-361, 0*000 and —0*391 to the 
even isotopes is borne out by the fact that according to Lunelund their Zeeman 
patterns are all similar. 

3663.—The structure of this line has been calculated from the previously 
known 6 3 P a and 6 x D a levels, and is seen to agree well with the observed 
pattern. The two components + 0-678 and + 0*104 are given by Ruark,* 


* • Phil. Magvol. 1, p. 977 (1926). 
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but Nagaoka does not get them. They, as well as the faint satellite at — 0-245 
do not appear m our scheme. Of the predicted satellites that are not observed, 
all, except — 0*412, are very weak and some are too far ofi while others fall 
very near strong components 

X579I (js'P.-G'D^ 


ZOI 139 



Fio 5 

3655 “This line has led to the recognition of the 6 3 D 2 level separations. 
One faint component at + 0-160 does not enter into the scheme The faint 
component at +0-223 must be identical with the + 0-212 that appears in 
the scheme of levels. The component —0-145 has been calculated from the 
separation 366 between the 3 P a (/ = 5/2) and 3 P 2 (/ — 7/2) levels, as has been 
given by Murakawa. Schiller and Keyston give 400 as the separation of 
these levels and, if this is correct, this component becomes —0-111 and may be 
expected to fuse with —0-071. The other predicted components that are not 
observed are too faint and too close to other satellites. 
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Fig 0. 


5770—The structure of this line has been calculated from the structure of 
the 6 l Y 1 ami 6 3 D 2 levels found above. The agreement is good. One com¬ 
ponent at — 0-445 which may be expected to appear has not been observed. 
The one at + 0-724 has been observed by Sibaiya,* but given by him as a 
doublet, + 0 619 and (- 0-771. Here also the similarity of the Zeeman 
patterns of the mam line and the satellites + 0-150 and — 0-1:32 noted by 
Lunelund iinds an explanation. 

3126.—The structure of this line also has been calculated from that of the 
6 3 Pj level given by Schuler and that of the 6 3 l) a level found above. There is 
a discrepancy of about 40 between the separations given by Schuler and 
Keyston and by Murawaka. The observed components at —0-723, +2*105, 
+ 1*032, + 0-362 and f 0-085 do not come into the scheme and may not 
be real. The component at -0-157 must be due to a poor measurement 


* 1 Proc. Ind. Sri. Congress Abs.’ (1932). 
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caused by the overlapping of three satellites at this place. The predicted 
components at +0*406 and +0 613 are too faint to be observed, while 
+ 0*531 is too near to + 0*495, 

Discussion 

A consideration of the above results shows that theie is good agreement 
between theory and experiment jind that the structure here given for the 6 l P x 
level is the correct one. The structures of the lmes also exhibit the regularities 
found by Schiller and Keyston regarding the equality of the total separations 
for the isotopes 199 and 201 and the relatively inverted positions of their fine 
levels. 

Though the observed components are nearly all explained, there remain a 
few which are often real and yet etc not accounted for by the theory. Regard¬ 
ing intensities also the theory generally gives correct results, but some intensity 
anomalies cannot easily be explained. It was noticed some considerable time 
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ago that liyperfine structures differed when different sources were employed, 
but it has only recently been demonstrated by Schiller and Keyston* that 
slight variations in the conditions of excitation in the same source can introduce 

W70(6 , p 1 -6*]o 



Mi 


IV | 

* »* • a 



Fig. 8. 


large intensity anomalies. This is also shown in the two photographs of the line 
5461 taken by the authors and reproduced in Plate 11 These were taken under 
nearly identical conditions except that the current in the heating coil used in 
out experiment was 2 amps, in the case of A and 2*5 amps, in that of B That 
such small external changes can influence the interaction between the nucleus 
and the outer electron shell is rather astonishing Yet there seems to be some 
regularity even in these anomalies. Thus the component due to the even 
isotope 204, when not complicated by the overlapping of lmes due to other 
isotopes, is found to be consistently brighter in ordinary sources than is pre- 


* 1 Z. Physik/ vol. 71, p. 413 (1931). 
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dieted by theory and observed in sources of small absorption. Similarly, 
the component due to the isotope 198 when not disturbed by other lines seems 
to be weakened. This is well shown in the table on p. 228. 

X3i2«(6’p ( -6*n) 


20 / / 09 



Kill. 9. 


Summary . 

The structure of the line 4916 A. of Hg 1 has been examined, using as the 
source a high frequency electrodeless discharge. The structure found coin¬ 
cides with that previously given by Venkatesachar and Sibaiya. On the 
basis of this structure the splitting of the 6 1 P 1 level has been determined and 
the structures of the lines 5790*66, 5769*60, 3063*28, 3654*83 and 3125*66 have 
been explained. The structures of the Imes 6123, 6234 and 6072, experi¬ 
mentally obtained, have also been given. The present analysis of the levels 
exhibits the regularities found by Schiller and Keyston such as the approximate 
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equality of the total separations and the relatively inverted positions of the 
levels due to the two isotopes 199 and 201. The structure now proposed shows 
that the anomaly noted by Schuler and Keyston regarding the magnitudes of 
the isotope displacements and the fine intervals does not exist in tho 6 X P X 
level. 

In conclusion, we should like to record our deepest thanks to Professor 
Venkatesachar for his guidance and encouragement throughout this work. 
One of us is indebted to the University of Mysore for the award of a scholarship. 


Experiments with Ihgh Velocity Positive Ions. II .—The 
Disintegration of Elements by High Velocity Protons . 

By J. D. Cockcroft, Ph D., Fellow of St. John's College, Cambridge, and 

E T. S. Walton, Ph.D. 

(Communicated by Lord Rutherford, 0 M , F R S —Received June 15, 1932.) 

[Plate 12.] 

1. Introduction. 

In a previous paper* we have described a method of producing high velocity 
positive ions having energies up to 700,000 electron volts. We first used this 
method to determine the range of high-speed protons in air and hydrogen and 
the results obtained will be described m a subsequent paper. In the present 
communication we describe experiments which show that protons having 
energies above 150,000 volts are capable of disintegrating a considerable 
number of elements. 

Experiments in artificial disintegration have in the past been carried out 
with streams of a-particles as the bombarding particles ; the resulting trans¬ 
mutations have in general been accompanied by the emission of a proton and 
in some cases y-radiation.t The present experiments show that under the 
bombardment of protons, a-particles are emitted from many elements ; tho 
disintegration process is thus in a sense the reverse process to the oc-particle 
transformation. 

* 4 Pioo. Roy. Soc.,’ A, vol. 136, p. 619 (1932) denoted as (I) hereafter, 
t Rutheiford, Chadwick and Ellis, 44 Radioactive Substances.” 
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2. The Experimental Method . 

Positive ions of hydrogen obtained from a hydrogen canal ray tube are 
accelerated by voltages up to 600 kilovolts in the experimental tube described 
in (I) and emerge through a 3-meh diameter brass tube into a chamber well 
shielded by lead and screened from electrostatic fields. To this brass tube iB 
attached by a flat joint and plastieone seal the apparatus shown in fig. 1. A 
target, A, of the metal to be investigated is placed at an angle of 45 degrees to 
the direction of the proton stream. Opposite the centre of the target is a side 
tube across which is sealed at B either a zinc sulphide screen or a mica window. 


Stream of fast protons 



In our first experiments we used a round target of lithium 5 cm. in diameter 
and sealed the side tube with a zinc sulphide screen, the sensitive surface 
being towards the target. The distance from the centre of the target to the 
screen was 5 cm. A sheet of mica, C, of stopping power 1*4 cm. was placed 
between the screen and target and was more than adequate to prevent any 
scattered protons reaching the screen, since our range determinations* and 
the experiments of Blackettf have shown that the maximum range of protons 
accelerated by COO kilovolts is of the order of 10 mm. in air. The screen is 
observed with a microscope having a numerical aperture of 0-6, the area of 
Bcreen covered being 12 eq. ram. This arrangement with the fluorescent 
surface inside the vacuum is generally used in the preliminary investigations 

* In oour.se of publication, 
t ‘ Proc. Roy. Soc.’ A, vol. 134, p. 6G8 (1931). 
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of elements and when it is necessary to detect the presence of particles of 
short range. 

The current to tho target is measured by a galvanometer and controlled by 
varying the speed of the motor used tor driving tho alternator exciting the 
discharge tube (see Paper I). Currents of up to 5 microamperes can be 
obtained. Since metals bombarded by high-speed positive ions emit large 
numbers of secondary electrons for each incident ion, it is necessary to prevent 
the emission of these electrons if an accurate determination of the number of 
incident ions is required This has been effected by applying a magnetic 
field of tho order of 70() gauss to the target. Since it is well known that the 
majority of the secondary electrons have energies below 20 volts, such a field 
should be adequate to prevent secondary electron (‘mission being a serious 
source of error. 

An accurate determination of the exact composition of tho beam of ions has 
not yet been made, but deflection experiments with a magnetic field in a 
subsidiary apparatus have shown that approximately half the current is 
carried by protons and half by H 2 + ions. The number of neutral atoms appears 
to be small. 

The accelerating voltage used in the experiments is controlled by varying tho 
field of the alternator exciting the main high tension transformer. The 
secondary voltage of this transformer is measured by the method described 
in an earlier paper,* which rectifies the current passing through a condenser. 
A microammeter on the control table allows a continuous reading of this 
voltage to be obtained. The value of the steady potential produced by tho 
rectifier system varies between 3 and 3*5 times tho maximum of the trans¬ 
former voltage according to the brightness of the rectifier filaments. The 
actual value 1 of the voltage is determined by using a sphere gap consisting of 
two 75-cm. diameter aluminium spheres, one of which is earthed. In each 
experiment the multiplication factor of the rectifier system is determined for 
several voltages and intermediate points obtained by interpolation. The 
accuracy of the determination of tho voltage by tin* sphere gaps has been 
checked by measuring the deflection of the protons m a magnetic field. It 
has been found that corrections of tho order of 15 percent, may be required 
as a result of tho proximity of neighbouring objects or unfavourable arrange¬ 
ments of the connecting leads. The voltages given in this paper have all been 
corrected by reference to the magnetic deflection experiments. 


* ‘ Proc. Roy. Soc.' A, vol 129, p. 477 (1930). 
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3. The Disintegration of Lithium. 

When the current passing to the target was of the order of 1 microampere 
and the accelerating potential was increased to 125 kilovolts, a number of 
bright scintillations were observed on the screen, the numbers being propor¬ 
tional to the current collected and of the order of 5 per minute per micro¬ 
ampere at 125 kilovolts. 

No scintillations were observed when the proton current was cut off by 
shutting off the discharge tube excitation or by interposing a brass flap between 
the beam and the target. Since the scintillations were very similar m appear¬ 
ance and brightness to a-particle scintillations, the apparatus was now changed 
to allow a determination of their range to be made For this purpose a mica 
window having a stopping power of 2 cm. was sealed to the side tube in place 
of the fluorescent screen, which was now placed outside the window. It was 
then possible to insert mica screens of known stopping power between the 
window and the screen. In this way it became apparent that the scintillations 
were produced by particles having a well-defined range of about 8 cm. Varia¬ 
tions of voltage between 250 and 500 kilovolts did not appear to alter the 
range appreciably. 

In order to check this conclusion, the particles were now passed into a 
Shimizu expansion chamber, through a mica window in the side of the chamber 
having a stopping power of 3-f> cm. When the accelerating voltage was 
applied to the tube a number of discrete tracks were at once observed in the 
chamber whoso lengths agreed closely with the first range determinations. 
From the appearance of the tracks and the brightness of the scintillations it 
seemed now fairly clear that we were observing a-particles ejected from the 
lithium nuclei under the proton bombardment, and that the lithium isotope 
of mass 7 was breaking up into two a-particles. 

In order to obtain a further proof of the nature of the particles the experi¬ 
ments were repeated with an ionisation chamber, amplifier and oscillograph 
of the type described by Wynn Williams and Ward.* The mica window on 
the side tube was reduced to a thickness corresponding to a stopping power of 
1*2 mm. with an area of about 1 sq cm., the mica being supported on a grid 
structure. The lithium target was at the same time reduced in size to a circle 
of 1 cm. diameter m order to reduce the angular spread of the particles entering 
the counter. The ionisation chamber was of the parallel plane type having a 
total depth of 3 mm. and was sealed by an aluminium window having a stopping 

* • Proc. Roy. Soo.,’ A f vol. 132. p. 391 (1931). 
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power of 5 mm. The degree of resolution of the amplifier and oscillograph was 
such that it was possible to record accurately up to 2000 particles per minute. 
With the full potential applied to the apparatus but with no proton current, 
the number of spurious deflections in the oscillograph was of the order of 2 per 
minute, whilst with an accelerating potential of 500 kilovolts and a current 
of 0*3 microamperes the number of particles entering the ionisation chamber 
per minute was of the order of 700. 

In figs, 8, 9,10 and 11, Plate 12, are shown the oscillograph records obtained 
as additional mica absorbers are inserted. It will be seen that the size of the 
deflections increases as additional miea is inserted, whilst the numbers fall off 
rapidly when the total absorber thickness is meieased beyond 7 cm In fig 2 
is plotted the number of particles entering the chamber per minute per micro¬ 
ampere for increasing absorber thickness and for accelerating potentials of 
270 kilovolts and 450 kilovolts The stopping power of the mica screens of 
windows has been checked and the final range determination made by a com¬ 
parison with the a-partieles from thorium C We find that the range is 8 • 4 cm. 
Preliminary observations showed that between the lowest and highest voltages 
used, the range remained approximately constant. It is, however, of great 
interest to test whether the whole of the energy of the pioton is communicated 
to the a-particles, and it is intended at a later date to examine this point more 
carefully. The general shape of the range curve, together with the evidence 
from the size of the oscillograph deflections, suggests that the great majority 
of the particles have initially a uniform velocity, but further investigation will 
be required with lower total absorption to exclude the possibility of the existence 
of particles of short range 

As is well known, the size of the oscillograph kicks are a measure of the 
ionisation produced by the particles. At the beginning of the range the size 
of the kicks observed was very uniform, whilst the average size varied with the 
range of the particle corresponding to the ionisation given by the Bragg curve. 
Fig. 3 shows the variation of the ionisation of fho most numerous particles 
with range. 

The sizes of the deflections were now compared with the deflections produced 
in the same ionisation chamber by a-particles from a polonium source, these 
deflections being recorded in fig. 12, Plate 12, for comparison. It has been 
shown m this way that the maximum deflection for the two types of particle 
is the same. This result, together with the uniformity of the ionisation pro¬ 
duced by the particles, is sufficient to exclude the possibility of some of the 
particles being protons, since the maximum ionisation produced by a 
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Air equivalent of absorber 
450 kilovolts 
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proton is less than 40 per cent, of the maximum ionisation produced by an 
a-particle. 



Air equivalent of absorber 


Fiu. 3. 

The variation of the numbers of particles with accelerating voltage was 
determined from the oscillograph records between 200 kilovolts and 500 kilo¬ 
volts, the change in numbers being clear from the records, figs. 13, 14, 15, 
Plate 12. For voltages between 70 kilovolts and 250 kilovolts, the numbers 
of particles entering the ionisation chamber were counted by a single stage 
thyratron counter of the type described by Wynn Williams and Ward.* The 
results are plotted in fig. 4. The numbers increase roughly exponentially 
with the voltage at the lower voltages and linearly with voltage above 300 
kilovolts.! 

It is of great interest to estimate the number of particles produced by the 
bombardment of a thick layer of lithium by a fixed number of protons. In 
making this estimate we have assumed that the particles are emitted 
uniformly in all directions and that the molecular ions produce no effect. 
With these assumptions the number of disintegrations for a voltage of 250 
kilovolts is 1 per 10® protons, and for a voltage of 500 kilovolts is 10 per 10® 
protons. 

In considering the variation in numbers of particles with voltage it has, of 
course, to be borne in mind that with a thick target the effects are due to 

* ‘Proc. Roy. Soc A, vol. 131, p. 191 (1931). 

t All the measurements in a single run. in which more than 2000 particles were counted 
are included in the figure. The spread of the points in the centre part of the curver is 
probably due to variations in the vacuum and therefore m the voltage applied during the 
experiment. In other runs no evidence was obtained for such a variation. 
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protons of all energies from the maximum to zero energy. It will be very 
important to determine the probability of disintegration for protons of one 
definite energy, and for this purpose it will bo necessary to use thin targets. 
Preliminary experiments using evaporated films of lithium show that the 
probability or “ excitation ” function does not increase so rapidly with voltage 
as for the thick target, but owing to the small numbers of particles obtainable 
these experiments have not yet been completed. 



100 200 300 400 500 


Kilovolts 
Flo 4. 

4. The Interpretation of Results. 

We have already stated that the obvious interpretation of our results is to 
assume that the lithium isotope of mass 7 raptures a proton and that the 
resulting nucleus of mass 8 breaks up into two a-particles. If momentum is 
conserved in the process, then each of the a-particles must take up equal 
amounts of energy, and from the observed range of the a-particles we conclude 
that an energy of 17*2 million volts would be liberated in this disintegration 
process. The mass of the Li 7 nucleus from Costa’s determination is 7*0104 
with a probable error of 0*003. The decrease of mass in the disintegration 
process is therefore 7*0104 + 1*0072 — 8*0022 = 0*0154 ± 0*003. This is 
equivalent to an energy liberation of (14-3 ± 2*7) X 10 6 volts. We conclude, 
therefore, that the observed energies of the a-particles are consistent with our 



Experiments with High Velocity Positive Ions. 237 

hypothesis. An additional test can, however, be applied. If momentum is 
conserved in the disintegration, the two a-particles must be ejected in practically 
opposite directions and, therefore, if wc arrange two zinc sulphide screens 
opposite to a small target of lithium as shown in the arrangement of fig. 5, 
we should observe a large proportion of coincidences in the tune of appearance 
of the scintillations on the two screens. The lithium used in the experiments 
was evaporated on to a thin film of mica having an area of 1 sq. mm. and a 
stopping power of 1*1 cm., so that a-particles ejected from the lithium would 
pass easily through the mica and reach the screen on the opposite side of the 
lithium layer. 

The two screens were observed through microscopes each covering an area 
of 7 sq. mm. and a tape recording machine was used to record the scintillations, 

Shejin of 
f.'ist pioton 1 - 

>i■ Zn? 

Thin lithium 
target 

Fig 5 

a buzzer being installed in the observation chamber to prevent the noise of the 
recording keys being audible to the observers. Five hundred and sixty-five 
scintillations were observed in microscope A and 288 scintillations in micro¬ 
scope B, the former being nearer t he target. Analysis of the records showed 
that the results are consistent with the assumption that about 25 per cent, of 
the scintillations recorded in B have a corresponding scintillation in A. If 
we calculate the chance of a scintillation being recorded by B within x seconds 
of the record of a scintillation in A, assuming a perfectly random distribution of 
scintillations, and compare this with the observed record, the curve shown in 
fig. 6 is obtained. It will be seen that as the interval x is made less, the ratio 
of the observed to the random coincidences increases. Wo also plot for com¬ 
parison the theoretical curve (shown by broken line) which would be obtained 
if there were 25 per cont. of coincidences. It will be seen that the two curves 
are in good accord. The number of coincidences observed is about that to be 
expected on our theory of the disintegration process, when we take into account 
the geometry of the experimental arrangement and the efficiency of the zinc 
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sulphide screens. It is clear that there is strong evidence supporting the 
hypothesis that the oc-particles are emitted in pairs, A more complete investi¬ 
gation will be made later, using larger areas for the counting device, when it is 
to be expected that the fraction of coincidences should increase. 



Fio 6. 


5. Comparison with the Gamow Theory . 

In a paper which was largely responsible for stimulating the present investi¬ 
gation, Gamowf lias calculated the probability W x * of a particle of charge Ze, 
mass m and energy E, entering a nucleus of charge ZV. Gamow’s formula is 


*— 4tt JUm) /7,'i 1 

\y * — e h *A fc > 




where J* is a function varying slowly with E and Z. Using this formula, we 
have calculated Wj*, the probability of a proton entering a lithium nucleus, 
for 600, 300 and 100 kilovolts, and find the values 0*187, 2*75 X 10" 8 and 
1*78 X 10 -4 . Using these figures, our observed variation of proton range with 
velocity for a thick target, and assuming a target area of 10 86 cm. 2 , the 
number of protons N required to produce one disintegration may be calculated. 
For 600 kilovolts we find N to be of the order of 10 fl , and for 300 kilovolts of 
the order of 2 x 10 7 . 

The order of magnitude of the numbers observed is thus smaller than the 


t 1 Z. Physik,’ vol. 62, p. 610 (1928). 
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number predicted by the Gamow theory, but a closer comparison must be 
deferred until the results for a thin target are available. 

6. The Disintegration of other Elements . 

Preliminary investigations have been made to determine whether any 
evidence of disintegration under proton bombardment could be obtained for 
the following elements : Be, B, C, 0, F, Na, Al, K, Ca, Fe, Co, Ni, Cu, Ag, Pb, 
U. Using the fluorescent screen as a detector we have observed some bright 
scintillations from all these elements, the numbers varying markedly from 
element to element, the relative orders of magnitude being indicated by fig. 7 
for 300 kilovolts The results of the scintillation method have been confirmed 
by the electrical counter for Ca, K, Ni, Fe and Co, and the size of the oscillo¬ 
graph kicks suggests that the majority of the particles ejected are oc-particles. 



The numbers of particles counted have up to the present not been sufficient 
to enable these figures to be taken as anything other than an order of magnitude. 
In particular, the possibility must be borne in mind that some of the particles 
observed may be due to impurities. It may, however, be of some interest to 
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describe briefly the general character of the effects observed in some of the 
more interesting cases. 

Beryllium .—Two types of scintillation were observed with beryllium, a 
few bright scintillations having the appearance of a-particlc scintillations 
together with a much greater number of faint scintillations appearing at about 
600 kilovolts, the numbers increasing rapidly with voltage. Wc were not able 
to observe the faint scintillations outside the vacuum chamber, so that they 
are presumably due to particles of short range. 

Boron .—Noxt to lithium, boron gave the greatest number of scintillations, 
most of the particles having a range of about 3*5 cm. Scintillations were 
first observed at voltages of the order of 116 kilovolts, the numbers increasing 
by more tlian 100 between this voltage and 375 kilovolts. The interesting 
problem as to whether the boron splits up into three a-particles or into Bc 8 
plus an a-particle must await an answer until more detailed investigation is 
made. 

Fluorine. —Fluorine was investigated in the form of a layer of powdered 
calcium fluoride. A few scintillations wore first observed at a voltage of 200 
kilovolts, tho numbers increasing by a factor of about 100 between this and 
450 kilovolts. The range of the particles was found to be about 2*8 cm. On 
the assumption that they are a-partielcs, the energy would bo 4*16 X 10® 
electron volts. If now we assume that the reaction is 

F 1# + 11! = 0 18 + He 4 

it is of particular interest to compare the observed energy with the energy to 
be expected from the mass changes, since all the masses involved arc known, 
from the work of Aston, with fairly good precision. 

Using Aston's data, the energy liberated Rhould be 5*2 X 10® electron volts. 
Allowing for the energy taken by the recoil of the oxygen nucleus and the 
energy of the bombarding proton, the energy of the oe-particle should be about 
4*3 million volts, giving a range of 2*95 cm. in air, in good accord with the 
observed ranges. 

Sodium .—A small number of bright scintillations were observed beginning 
at 300 kilovolts, the particles having ranges between 2 and 3*6 cm. In 
addition to the bright scintillations, a number of faint scintillations were 
observed similar to those seen in the case of beryllium. The faint scintillations 
are again presumably due to particles of short range since they could not be 
observed outside the tube. The probable a-particle transition would be 

Na aa + = Ne w + Hc 4 . 



!70 lv\ 4 0 ( m al>st>t 1 mm 
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Potassium .—Potassium is of special interest on account of its radioactivity* 
The very small effects observed may easily be due to an impurity. The most 
likely reaction to occur 

k-39 H“ Hi “ P ^ ( *4> 

would probably have a negative energy balance. 

/row, Nickel , Cotxili y Copper -These elements follow each other m the 
periodic table, so that the small result obtained for iron compared with that 
for the following three elements is of special interest. The effect for iron is of 
the same order as that for potassium, and again may be due to impurity. 
For these elements most of the particles had a lange of about 2*5 cm., but a 
few particles were present having a slight 1) longer range. 

Uranium - Using potent nils of up 1 o 000 kilovolts and strong proton currents, 
the number of scintillations observed was about four tunes the natural radio¬ 
active effect, and the artificially produced particles appeared to have a longer 
range than the natural ones The numbers obtained did not appear to vary 
markedly with voltage 

We hope in the near future to investigate the above and other elements in 
much greater detail and in parti* ular to determine whether any of the effects 
described are due to impurities There seems to be little doubt, however, that 
most of the effects arc due to transformations giving rise to an oc-partiole 
emission. In view of the veiy small probability of a pioton of 500 kilovolts 
energy penetrating the potential barnei of the heavier nuclei by any process 
other than a resonance process, it would appear most likely that such processes 
are responsible for the effects observed with tlit* heavier elements. 

We have seen that the three elements, lithium, boron and fluorine give the 
largest emission of particles, the emission vaiymg .similarly w r ith rise of voltage. 
These elements are all of t he 4 n + 3 type, and presumably the nuclei are made 
up of a-partides with the addition of three protons and two electrons. It is 
natural to suppose that the addition of a * aptured proton leads to the formation 
of a new a-part-icle msule the nucleus In the case of lithium, it seems probable 
that the capture* of the proton, the formation of the a-particle and the dis¬ 
integration of the resulting nucleus into two a-partides must at this stage be 
regarded as a single* process, the excess energy appearing m the form of kinetic 
energy of tin* expelled a parti* les.* Until further and more accurate data 
are available it is not desirable to discuss at this stage the possible bearing of 

* Such a view does not preclude the potwilnhty th.it sometimes part of the energy may 
appear m another form, for example, hh y-nuimtion 
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these new observations on the problems of astrophysics and on the question 
of the abundance of the elements. 

In conclusion, we wish to express our thanks to Lord Rutherford for his 
constant encouragement and advice. We arc indebted to Dr. Wynn Williams 
for considerable assistance with the electrical recording apparatus, and to 
members of the research staff of Metropolitan-Vickers Electrical Company for 
their assistance in supplying much of the apparatus used in this work. One of 
us (E.T.S.W.) has been m receipt of a senior research award from the Depart¬ 
ment of Scientific and Industrial Research. 
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The Bakerian Lecture.— The Combustion of IIydrocarbons. 

By William A. Bone, D 8c , F li.S., Professor of Chemical Teclinology at the 
Imperial College of Science and Technology, London 

(Received May 11, 1932 -Read June 9, 1932.) 

Introduction. 

The question of how a hydrocarbon is attacked by oxygen m combustion 
has always been of great interest to chemists ; and now that the motive power 
for aircraft and road vehicles is derived from hydrocarbon-air explosions it is 
l>eing studied also by engineers the world over The occasion is therefore 
opportune for its discussion, and as present-day investigators seem none too 
familiar with the work of former times, in what follows I will endeavour to 
review the principal discoveries, to illustrate some of them experimentally, 
and to consider certain theories concerning them And I would stress the impor¬ 
tance of viewing the subject widely, because what is most needed to-day is 
a balanced judgment embracing the whole range of conditions from those of 
slow combustion right up through flames and explosions under high pressures 
to detonation. 

I.—Nineteenth Century Discoveries. 

My story begins with the discoveries of John Dalton (1803^1) about the 
partial combustion of “ marsh gas ” (methane) ami ’* olefiant gas ” (ethylene) 
which, being the only two hydrocarbons then recognised, were distinguished 
as the “ light and heavy carburetted hydrogens ” respectively. In his “ New 
System of Chemical Philosophy ” (1807) Dalton used the results of his eudio- 
metric analysis of them to illustrate his “ law of multiple proportions,” and 
ho also described two very remurkable experiments upon the explosion of 
each with its own volume of oxygen Of these, the one with ethylene is so 
important that it is best recounted ill his own words — 

“ If 100 measures of oxygen be put to 100 of olefiant gas and electrified, 
an explosion ensues, not very violent, but instead of a diminution, as 
usual, there is a great increase of gas (instead of 200 measures there 
will be found about 360), some traces of carbonic acid are commonly 
observed, which disappear on passing two or three times through lime 
water; there will remain perhaps 350 measures of permanent gas, 
which is all combustible, yielding by an additional dose of oxygen 

VOL. CXXXVII.—A. S 
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carbonic acid and water, the same as if entirely burnt in the first instance. 
What, therefore, is this new gas in the intermediate state ? It is 
carbonic oxide and hydrogen mixed together, an equal number of atoms 
of each. One-third of the oxygen requisite for the complete combustion 
suffices to convert the carbon into carbonic oxide, and the hydrogen at 
the instant is liberated ; hence the other two-thirds are employed, the 
one to convert the carbonic oxide into acid, the other the hydrogen into 
water. 11 * 

Thus did Dalton disclose the bed-rock fact that the explosive combustion of 
ethylene involves the intermediate production of carbonic oxide and hydrogen 
without any separation of carbon or appreciable steam formation, as follows :— 

O a H 4 + O a - 2CO + 2H a . 

He also found that methane may similarly be exploded with its own volume 
of oxygen ‘ without any material change m volume, 1 ’ and that after removal 
of small amounts of carbonic anhydride “ the residue is found to possess all 
the characteristics of a mixture ot equal volumes of carbonic oxide and 
hydrogen.’ 1 

It seems strange that such decisive results were seemingly ignored by 
Daltons contemporaries and successors for nearly 85 years, and that 
throughout the greater part of last century the notion of a preferential 
burning of hydrogen m hydrocarbon combustion should have universally 
prevailed. Such, however, was the case, a stiiking example of how, even m 
science, a doctrine utterly opposed to facts may long be exalted into an article 
of faith and accepted without question. 

It arose during the lifetime of Sir Humphry Davy, and has sometimes, though 
I think unjustifiably, been attributed to him, apparently through a misunder¬ 
standing of an ambiguous passage in one of his papers about the separation of 
carbon in hydrocarbon flames being due to “ the decomposition of a part of the 
gas towards the interior of the flame when the air was in smallest quantity” It 
was certainly endorsed by Faraday in his lectures on the “ Chemistry of a 
Candle 11 (1848-49 and 1860-61) at the Royal Institution. And as late as 
1884, in lus Cantor Lectures on " The Uses of Coal Gas ” at the Royal Society 
of Arts, H. B. Dixon, speaking of the combustion of ethylene as bearing on the 

* “ New System of Chemical Philosophy ” (1807), Part II, p. 442. It is obvious from 
the experimental results that Dalton’s “ olefiant gas ” was not all ethylene, because had 
it been so, the final volume of gas after the explosion would have been about 395 instead 
of the 360 actually observed ; it probably contained air and possibly some methane also. 
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luminosity of hydrocarbon flames, said : “ This ethylene , when it ip raised to a 
high temperature m contact with air is decomposed, the hydrogen burning first 
and the carbon afterwards 

The whirligig of time, however, brought its revenges when, seven years later 
in Dixon's own laboratory in Manchester, not only was the true result of 
exploding ethylene with its own volume of oxygen (as shown by Dalton) re¬ 
discovered, but it was also found that acetylene behaves similarly, m accordance 
with the equation 

0 a H 2 + 0 2 - 2CO | H a . 


Experiment .—In the ethylene experiment, which will now be repeated, a 
mixture containing C 2 H 4 — 49-4, 0 2 = 17*7, and N a = 2*9 per cent., was fired 
in a leaden coil at an initial pressure (/>,) of 756 mm., the resulting explosion 
was violent and, to our great surprise at tin 4 time, the cold products were found 
to be under a pressure (p 2 ) of 1503 mm or practical lv double that of the original 
mixture (p 2 lpi — 1*988).* They burned with a bluish flame, and on subse¬ 
quent analysis were found 1o be composed of substantially equal volumes of 
carbonic oxide and hydrogen, their exact composition being as follows: 
CO a = 0*35, CO — 49*1, C 3 H 4 = iii 1, CH 4 = 1*0, and H a = 48-8 per ceut.| 

It may be recalled how Dixon directed attention to these results in the 
Bakcrian Lecture of 1893,J when from the rates of explosion of hydrocarbon- 
oxygen mixtures he also inferred that in the wave itself the carbon bums 
to the monoxide, its further oxidation being an after occurrence. Indeed, of 
all methane-oxygen or acetylene-oxygen mixtures, the equimolecular had been 
found to have the fastest rate of explosion, thus :— 


CH4 + O a 

2528 


CH 4 + 40 a 
2470 


C a H a + O a 


2961 


C a H a + UO a 
2716 


CH 4 + 20 a 

2322 metres per second. 

C a H* + 2^0 a 

2391 metres per second. 


It was during 1891-02 that I first began assistuig Dixon in such experiments, 
and subsequently at his suggestion, and in conjunction first with B. Lean and 
afterwards with the late J. C. Cain, I studied the behaviour of both ethylene 

* Bone and Lean, ‘ J. Chem. Soc./ vol 01, p. 873 (1892). 

t In this and all similar connections throughout this memoir p x indicates the initial 
fixing pressure m an explosion and p, the pressure of the cold gaseous products. Also, 
in all subsequent coses, the pressure and analytical data refer to the mtrogen-free gases. 

t 4 Phil. Trans./ A, vol. 184, p. 161 (1893) 

S 2 
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and acetylene on explosion with less than an equimolecular proportion of 
oxygen, with results which were published m 1892 and 1897.* 

About this time also, Smithells and Ingle discovered large quantities of 
hydrogen and carbonic oxide in the interconal gases of aerated hydrocarbon 
flames, and concluded that “ when the hydrocarbon first burns in the inner 
cone, there is a distribution of the limited supply of oxygen between the carbon 
and hydrogen, such, that either carbon monoxide and water or carbon monoxide, 
water and hydrogen are first formed,this being followed by the reversible 
water gas reaction CO + OH a C0 2 + H a as the medium cooled down ; 
so that in the case of methane, for example, the probable sequence of changes 
might be considered as 

(i) CH, -f 0 2 — CO + H a O + H a ; and 
(li) C0 + 0H 2 ^C0 2 + H 2 , 

thus recalling the results previously obtained by Dalton. 

As the outcome of all these experiments, the dogma of the preferential 
combustion of hydrogen, which had so long blocked progress, was finally 
overthrown, and in its place was revived the opposite idea, originally put 
forward by Kersten in 1861, that in hydrocarbon flames generally before any 
'part of the hydrogen is burnt all the carbon is burnt to carbonic oxide 

While doubtless, in the light of the then known facts, this may have seemed 
a satisfactory viewpoint, it was vigorously opposed by H E Armstrong, who 
considered it “ unwise at present to infer that the oxidation of the hydro¬ 
carbon or the separation of carbon and also of hydrogen from them takes place 
in any one way ” and eventually it has had to be abandoned. 

The position at the end of last century was that, while the old idea of the 
preferential combustion of hydrogen had collapsed under the weight of contrary 
evidence, no other met with general acceptance. Albeit, as far back as 1874, 
H E. Armstrong§ had suggested another alternative—namely, that the succes¬ 
sive stages in the burn mg of hydrocarbons involve the transient formation 
of unstable hydroxylated molecules which, according to circumstances, would 
decompose more or less rapidly under the influence of heat giving rise to simple 
intermediate products so that the process might be visualised as essentially 

* ‘ J. Chem. Soc.,’ vol. 61, p. 873 (1892) and vol. 71, p. 26 (1893). 
t 4 J. Chem Soc vol. 61, p. 214 (1892) 
t * J. Prakt. Chem.,’ vol. 84, p. 200 (1861). 

$ “ Manual of Organic Chemistry;’ pp. 216, 241 and 275, 1st ed. (1874). 
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one of “ hydroxylation ” ; but no attempt had been made to explore it experi¬ 
mentally, though, as will presently be seen, it ultimately turned out to be a 
potent key to the problem. 

II.— Development of the Hydroxylation Theory, 1900-15 

During 1898-1912, in conjunction with various collaborators,* at both 
Manchester and Leeds Universities, I was enabled to carry out a systematic 
investigation of the subject embracing both slow and explosive combustion 
right up to detonation, the results of which established the hydroxylation 
theory as a working hypothesis, and I will now summarise the new evidence 
which thus became available. 

(A) Evidence from Slow Combustion . 

Hitherto, save in one or two isolated instances, all the evidence had reference 
to explosive combustion, and practically nothing was known about the slow 
combustion of hydrocarbons ; yet obviously, if unstable oxygenated molecules 
of any kind are initially formed, the chances of detecting and isolating them 
would be far greater in slow combustion than at the high temperature and rapid 
changes in flames. 

(1) Experimental Methods —Therefore, in this new attack upon the problem, 
it was decided to concentrate first of all upon the slow combustion of methane, 
ethane, ethylene and acetylene which, being the simplest cases, wero most 
likely to yield results amenable to definite interpretation. Fortunately, also, 
a few preliminary experiments sufficed to dispel all a prion fears that the 
course of their oxidations might or would be masked or interfered with by 
secondary interactions between the primary products. For it was found that 
suitably proportioned hydrocarbon-oxygen mixtures will react with measurable 
velocities at temperatures much below those required for any appreciable 
reaction in 

2H 2 + 0 2 , 2CO + 0 2 (moist), CO + OH a C0 2 + H„ 

CH 4 + ()H 2 , etc., media. 

The two experimental methods adopted and which proved most effective 

* R. V. Wheeler, W. E Stockings, G W. Andrew and J. Drugman, in Manchester, 
H. H. Henstock, H. Davies and H. H. Giay, in Leeds. 1 J. Chem. Soc.,’ vol. 81, p. 635 
(1902), vol. 83, p. 1074 (1003), vol. 85, p. 693 and p. 1607 (1904), vol. 87, p. 910 and p. 1232 
(1906), vol. 89, pp. 632, 660, 939 and 1614 (1906), and * Phd. Trans.,’ A, vol. 212, p. 275 
(1916). 
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for the purpose in view, consisted in ( 1 ) sealing up hydrocarbon-oxygen mix¬ 
tures, of suitably graded compositions m each case, at atmospheric temperature 
and pressure in cylindrical bulbs of borosiKcate gluss (usually circa 60 to 70 c.c. 
but sometimes about 600 c c. capacity) which were afterwards kept in an en¬ 
closure at some suitable constant temperature (usually between 300° and 350°) 
for various time periods, after winch they wore withdrawn and their contents 
completely analysed, and (ii) continually circulating selected hydrocarbon- 
oxygen (or air) mixtures at a constant rate in a closed system comprising (a) as 
“ reaction-zone ” a combustion tube packed with fragments of porous porcelain 
and kept uniformly at some pre-determined constant temperature between 
400° and 500°, such us would ensure the gases reacting at a convenient speed, 
(6) suitable cooling and condensing arrangements to ensure rapid removal of 
soluble and condensable products, and (c) a manometer whereby pressure-time 
records could be obtained. It should be noticed that whereas in (i) reaction 
would usually occur at pressures somewhere between 2 and 2-2 atmospheres, 
according to the temperature, in (n) it would usually start at a pressure some¬ 
where between 400 and 600 mm, but steadily falling as time went on to 
somewhere between 60 and 80 per cent, of its original value, according to 
circumstances.* 

(2) General Features —By such means, not only were new intermediate 
products detected and isolated, but also several other significant points were 
established. 

Thus, for example, it was found (mter alia) that (i) all the four hydrocarbons 
examined undergo quiet flameless combustion producing oxides of carbon, 
steam, aldehydes and acids, without any appearance whatever of carbon or 
hydrogen , in circumstances precluding any appreciable oxidation of either 
hydrogen or carbonic oxide, (n) methane is less readily so oxidised than the 
other three, (in) while equimolecular hydrocarbon-oxygen mixtures were 
seemingly the most reactive, and the 2 :1 (t e., 2C a H 6 + O a ) very nearly so,t 
an excess of oxygen beyond the equimolecular proportion always greatly 
retarded the reaction—this being a most remarkable feature of the results, to 
which special attention was directed—and (iv) in all cases aldehydic formation 
is prominent at an early stage in the oxidation, definite evidence being obtained 

* Tins circulation method, so introduced, has since been widely adopted in principle, 
though with minor alterations, by subsequent investigators. 

t Although at the time this seemed to be the case, there was little to choose between 
them, and the comparison was only a rough one ; recent more refined comparisons made 
both in my laboratories and others have shown the 2 :1 hydrocarbon-oxygen mixture to 
be the most reactive. 
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in the case of ethylene of its preceding any formation of either steam or oxides 
of carbon, while with acetylene there was indication of the initial transient 
formation of an oxygenated molecule C^gOa which immediately gave rise to 
carbonic oxide and formaldehyde before any steam appeared Another 
outstanding feature of all the oxidations was the persistent formation of 
carbon dioxide in circumstances which, while precluding its arising by the 
secondary oxidation of the monoxide, favoured its domg so by the oxidation of 
formic acid which was always present among the products. 

(3) Intermediate Aldehydic, etc , Products. —The intermediate formation of the 
following aldehydes and acids was proved :— 

(i) Methane —Formaldehyde and formic acid. 

(li) Ethane —Aoct- and form-aldehydes and formic acid. 

(m) Ethylene— Acet- and form-aldehydes and formic and. 

(iv) Acetylene —C 2 H 2 0 2 and its polymeride polyglycolide (C 2 H 3 0 2 ) I) 
formaldehyde and formic and. 

All the foregoing features pointed unmistakably to an initial association of the 
hydrocarbon and oxygen producing m each case an oxygenated molecule which 
subsequently either decomposes or is further oxidised, according to circum¬ 
stances ; indeed, in this respect the evidence was quite conclusive. 

(4) The Initial Product.—A prime consideration was the nature of the initial 
oxygenated molecule , but here at first matters were so uncertain that for some 
time I halted between two opinions. For while most of the facts accorded with 
H. E. Armstrong’s view of the successive stages of hydroxylation, proof of an 
initial formation of either methyl alcohol m the case of methane, or of ethyl 
alcohol in that of ethane, although diligently sought for, was wanting. This 
deficiency was mitigated, however, on our finding that (l) under our experi¬ 
mental conditions the alcohols m question were oxidised much faster than 
the corresponding hydrocarbons, and (n) on oxidation with ozone at 100°, 
ethane yields successively ethyl alcohol, acetaldehyde and acetic acid,* thus :— 


ch 3 ch 3 

l—l 
ch 3 cir a on 


oh 3 

I 

CH(OII) 2 

r —^- .OH 

H a 0 + CH 3 .CH0 —v CH 3 .(Y 

^0 


Finally the void haw been filled by the decisive proof recently obtained by 
* J. Drugman, ‘ J. Chcm. Soo vol. 89, p. 939 (1906). 
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Dra. D. M. Newitt and A. E. Haffner of the primary and plentiful formation 
of methyl alcohol in the direct pressure-oxidation of methane.* 

In the case of ethylene, also, where the early appearance of acetaldehyde 
pointed to an initial formation of its very unstable isomende vinyl alcohol, 
H,C: CH(OH), the evidence of hydroxylation was fairly clear; but in the 
case of acetylene, the simultaneous formation of carbonic oxide and formalde¬ 
hyde, following the appearance of a polymende of glyoxal, pointed to an 
initial formation of C a H a O a , which the recent work of Kistiakowsky and 
Lenher in Amencaf leaves no room for doubt was indeed glyoxal H . C : 0. 

H . C : 0. 

Viewing the evidence broadly and as a whole from the standpoint of organic 
chemistry, it seems difficult to explain the outstanding fact that in all the cases 
under consideration the hydrocarbon was oxidised to oxides of carbon, steam 
and aldehydes, without any liberation of either carbon or hydrogen , except on 
the supposition of such products having arisen by the thermal decomposition of 
some intermediate hydroxylated molecule or molecules, and to my mind tliis is a 
ruling consideration, irrespective of other and more direct evidence of “ hydroxy¬ 
lation M which has recently come to light. For to me it seems almost incon¬ 
ceivable that the foregoing products could arise, without any liberation of carbon 
or hydrogen from the thermal decompositions of unhydroxylated molecules of 
(say) a " peroxide ” type. 

(5) General Course of Oxidation -We were thus led to visualise the slow 
oxidation of these hydrocarbons—subject to the aforementioned proviso 
about the initial stage in the case of acetylene—as essentially involving through¬ 
out a series of successive hydroxylation and thermal decompositions, mainly 
as follows .— 

(o) CH 4 -> CH a OH - OH a (OH) a OH OH 

, * ■■■ ^ • 

H,0+H 2 :(':() -> H . C : 0 - H0.C:0 
H 2 0 + CO H a O + CO a 

(6) ii 3 C. CH a ->H 3 C . CH 2 OH - H 3 C.CH(OH) 2 OH OH 

H 2 0 + H 3 C.CH0 -> H 2 C . C:0 

H 2 0+C0+H 2 . C . O 
etc. 

* ‘ Proc. Roy. Soc.,’ A, vol. 134, p 691 (1932). 
f ' J. Amer. Chera. Soc.,’ vol. 52. p. 3785 (1930). 
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(c) H,C : CH, H a C : ni(OH) -> (HO)CH : CH(OH) OH OH 

H a C OHO 2H a .0.0 - H . C . 0 - HO . C: 0 

HjO + CO H 2 0+C0 a 

(d) HC.CH C 2 H t 0 2 OH OH 

CO + H 2 :C 0 - H 0:0 - HO C 0 

H a 0 + CO H a 0 -f CO a 

The requirements of the scheme were also satisfied by the results of “ circu¬ 
lation ” experiments upon the oxidations of ethyl alcohol, acetaldehyde and 
formaldehyde vapours, respectively, so that the cumulative effect of the 
evidence as a whole seemed irresistible. It also satisfactorily solved the 
enigma of the production of carbonic anhydride in circumstances precluding 
its having arisen through carbonic oxide 


(B) Extension of the Theory to Explosive Combustion 

(1) General Considerations —Although the conditions prevailing in hydro¬ 
carbon flames and explosions are obviously much more complex than those 
of slow combustion, it soon became evident that the mam course of the chemical 
changes concerned therein may be satisfactorily interpreted on the supposition 
that the result of the initial encounters between hydrocarbon and oxygen is 
the same m both, namely, the formation of an ‘ k oxygenated ” (and usually 
a “ hydroxylated ”) molecule Undoubtedly at the higher temperatures of 
flames, secondary thermal decompositions come into piny at an earlier stage, 
and play a moxe conspicuous role, than in slow combustion, but there are the 
strongest reasons for believing that they do not precede the onslaught of the 
oxygen upon the hydrocarbon, but arise m consequence thereof Moreover, 
on both thermo-chemical and kinetic grounds, it seems probable that in 
explosive combustion, whenever the oxygen supply suffices, there will be a 
“ non-stop ” run through the mon-hydroxy to the dt-Hydroxy stage before 
thermal decomposition occurs , albeit, in default of such oxygen sufficiency 
some decomposition at the mon-hydroxy stage would probably occur. 

In view of the complexities of flames and of the great difficulties in tracking 
by chemical analysis the course of events therein, the utmost that can be 
reasonably required of any acceptable theory about them is that it shall be 
consistent with facts, provide a rational view thereof, and in a general way 
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enable the main happenings m a particular case to be predicted. It can 
scarcely be expected that in all circumstances all the combustible molecules 
will be attacked by the oxygen in precisely the same way, for no such uni¬ 
formity seems possible, and m any given circumstances a small percentage of 
abnormalities may arise. 

What we are now concerned with, howpver, are the normal occurrences, and 
I will endeavour to demonstrate some of the more outstanding features of the 
explosive combustion of hydrocarbons and how they fall into line with, and 
can be explained by, the theory as already outlined. 

(2) Thermal Decompositions of Alcohols amd Aldehydes .—Before doing so, 
however, something must be said about how the various oxygenated molecules 
mtcrmedially formed during slow combustion would or might be thermally 
decomposed in flames. Fortunately, information is available concerning the 
effects of heat upon some of them, though in places it is incomplete. More¬ 
over, with one or two exceptions, their mode of decomposition varies with 
temperature, and therefore it is well to remember that there are wide differences 
in the mean temperatures of flames, especially according as the composition 
of the explosive medium concerned is near one or other of the limits of inflam¬ 
mability or far removed from both of them. 

Alcohols .—At fairly low temperatures the vapours of primary alcohols 
decompose primarily into steam and an unsaturated hydrocarbon molecule or 
residue, but at higher temperatures into hydrogen and the corresponding 
aldehydes. In intermediate ranges both changes may occur simultaneously, 
and in flames they are always followed by secondary decompositions and/or 
hydrogenations, according to circumstances. Thus, for example, we might 
have :— 


CH 3 OH primarily resolved into ( 1 ) H 2 : C + H a O and/or ( 11 ) H a : C : 0 + ll a 
(—9*3 K.C.Us.), followed by secondary resolutions of tho H a :C: 
residues ultimately into C -f H a and of the H 2 . C: 0 into H a + CO 
(vide formaldehyde), and (m favourable circumstances) by hydro¬ 
genations of H a . C . residues to CH 4 . 

C a H 6 OH primarily resolved into ( 1 ) 0 2 H 4 -{- H a 0 ( f 7 K.C.Us.) and/or 
( 11 ) H 2 + CH 3 . CHO (— 10 K C.Ua ), followed by secondary resolutions 
of C 2 H 4 into C a H a + H a and/or 2C + 2H a , and of CH s .CHO into 
CH 4 + CO and/or C + 2H a + CO (vide acetaldehyde). 

Aldehydes - At temperatures between about 400° and 600° (or thereabouts) 
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aldehyde vapours containing one — CHO group and one or more other carbon 
atoms are primarily resolved into CO and a saturated hydrocarbon; thus with 
acetaldehyde :— 

(0 0H 3 . CHO - CH 4 + CO + 2 K.C.Us 

With further rising temperature, the breakdown becomes progressively more 
complete, tending at very high temperatures to some such final stage as — 

(n) CH 3 CHO -= C + 2H 2 + CO* —19 ft K C IJs 

FonnaMehyde .—It is important to note ( 1 ) that of all the oxygenated mole¬ 
cules known to be formed in slow combustion, the vapour of formaldehyde is 
pre-eminently that which at all temperatures in flames decomposes primarily 
into carbonic oxide and hydrogen (plus maybe, some trace of methane) without 
any separation of carbon whatever, thus .— 


H s : C. 0 = H a f CO . —13*5 K.C Us. 


and (a) that, since H 2 C 0 is inherently a much stabler configuration than 
H . C OH, it would readily be formed therefrom, an important consideration 
in connection with the partial combustion of olefines 

Glyoxal vapour probably would be resolved at all temperatures primarily 
into CO + H a *C: 0 and secondarily into 2CO + H a , also without any carbon 
deposition, but precise knowledge is wanting. 

Consequently, whenever the explosion of a hydrocarbon-oxygen medium 
results in substantially nothing but carbonic oxide and hydrogen, without 
any carbon deposition, an intermediate formation of formaldehyde, or possibly 
glyoxal (or both), may reasonably be inferred. 

Seeing that my own experiments have been mainly concerned with the 
explosive combustion of gaseous hydrocarbons whose molecules contain not 
more than four C-atoms, m what follows under this section I shall not go 
beyond them. Indeed, beyond the C 3 -membors conditions rapidly get so 
complex and incalculable that the difficulties of chemical interpretation soon 


♦ The whole sequence may perhaps be pictured aw follows :— 


CH a . CHO -> CH 4 + CO 


* ch 4 f 


I 2H 1 

[H.I 


v CH,+ H + CO-> 

f3H I f4H 1 

hCX ^° Hi lH J + Hj +r0 - :C - + { 2 Hj +00 ’ 


which would account for the spectrographic evidence of the presence of .CH a , CH r CH 
and :C: in such hydrocarbon flames ; and so with other similar decompositions. 
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become insuperable, owing to the rapidly increasing number of possible 
secondary reactions masking the primary changes. Also, from a chemical 
point of view, most is to bo learnt from explosions of media containing no 


more 


oxygen than the C n H m -|- ? 0 a proportion ; indeed between about the 

2 

C n H m + ’Lii? 0 a proportion and that required for complete combustion 

z 


all that can be revealed by chemical analysis is the operation of the 
“ water-gas reaction ” CO + CO a + H a during the cooling period. 

(3) Tike Relative Combustibilities of Hydrocarbons and Hydrogen or Carbonic 
Oxide .—The first general fact to lay hold of is that, as will be shown presently, 
the affinities of hydrocarbons so greatly exceed that of either hydrogen or 
carbonic oxide for oxygen that in explosions of hydrocarbon-hydrogen (or 
carbonic oxide)-oxvgen media where oxygen is very deficient the hydrocarbon 
is burnt, as it were, preferentially. Moreover, the mutual affinity between 
oxygen and a hydrocarbon so overpowers any tendency for the latter to 
decompose thermally in flames that, whenever there is free oxygen at hand in 
the medium, a hydrocarbon molecule will always combine with it rather than 
decompose Hence the old notion, which still haunts chemical literature, of 
a hydrocarbon molecule normally undergoing thermal decomposition before 
oxidation m homogeneous explosions must be abandoned. For such decom¬ 
position will only occur m regions where no oxygen is at hand for the hydro¬ 
carbon to lay hold of This being so, it is wrong to speak of the preferential 
combustion of either hydrogen or carbon in hydrocarbon flames , on the 
contrary, the hydrocarbon molecule, though it may have been “ activated,” 
is still intact when it seizes and incorporates the oxygen, whether atomic or 
molecular. 

Experiments.- (a) To illustrate these points, I cannot do better than repeat 
a very striking experiment, first made in my laboratory in 1905, in which a 
mixture of acetylene and electrolytic gas of the composition C a H a + O a + 2H a 
was exploded in a sealed glass bulb at an initial pressure, p v of 534 mm The 
oxygen has here the opportunity of dividing itself between the hydrocarbon 
and the hydrogen, according to its relative affinities for them; and anyone, 
not knowing beforehand what actually happens, would probably predict some, 
and possibly a large, formation of steam as well as a resolution of part of the 
acetylene into its elements. Yet on firing the mixture, as you will see, a 
sharp bluish flame fills the vessel, but neither carbon separates nor does any 
steam condense on cooling. In the experiment made in my laboratory, the 
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pressure of the products in the bulb after the explosion, p 2 > was 653 mm., 
the ratio pjpi being 1-22, and their percentage composition was — 

CO a = 0*2, CO = 39'8, CH 4 = 0-2, and H a = 59*8 per cent * 

showing that the whole of the original acetylene had been burnt to carbonic 
oxide and hydrogen, leaving the original hydrogen quite intact, in accordance 
with the equation :— 

C 2 H 2 ~\~ 0 2 -f- 2H 2 2CO -j- 3H a . 

Our recent photographic investigation of this explosion has shewn its flame 
to be a very compact layer of incandescent gas, about 1 cm. in thickness, 
with sharply defined front and no “ after-burning,” in which the duration of 
luminosity is 1*6 millisecs only. Indeed we have found this to be the most 
intensively burning of all mixtures of acetylene and electrolytic gas, in the 
sense of both time and space concentration of the chemical change 

(b) To prove that such result is not due to any peculiarity of acetylene, I 
will next similarly explode a mixture of ethylene, hydrogen and oxygen of the' 
composition CaH 4 + O a -f- H 2 at an initial pressure, p v of 600 mm , when it 
will agam be seen that neither carbon separates nor does any steam condense 
on cooling The pressure of the explosion products, p 2} will be circa 900 mm. 
(pJPx = 1 *^9) and their composition — 

C0 2 = 0*35, CO = 39*6, C 2 H 2 - 1 25, CH 4 = 3*65, and H 2 -= 55-15* 

showing that substantially the whole of the ethylene has been burnt to car¬ 
bonic oxide and hydrogen, leaving the original hydrogen intact, as follows ■— 

(VI* + 0 2 + H 2 - 2CO + 2H 2 . 

(c) Much the same result is obtained, as will now be shewn, by similarly 
exploding a mixture of propylene, hydrogen and oxygen corresponding with 
the formula C 8 H tt -f UO a -|- H a . When the experiment was made in my 
laboratory at an initial pressure of p i = 497 mm , the whole of the carbon was 
accounted for in the gaseous products and only 10 per cent of the original 
oxygen appeared aH water, the details of expeumcnt being as follows : — 

p x = 497 mm , p 2 — 847 -8 mm., p 2 lp x = 1-705. 

Gaseous Products —C0 2 — 1-10, CO — 43-5, C n II m = 0-8, CH 4 — 2-4 and 
H a = 52 ■ 2 per cent. 

* It may be pointed out that the very small percentages of carbon dioxide in these 
products is in itself a proof of practically no steam having been formed during the explosions. 
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Such data nearly correspond with the equation :— 

C 3 H 6 + 1 *50 a + H a - 3CO f 4H a 

I would commend these experiments to my fellow-workers in the field as 
being of the highest significance in connection with the theory of explosive 
combustion generally And I would also direct their attention to the photo¬ 
graphic studies of “ Explosions of Mixtures of Acetylene and Electrolytic 
Gas ” recently published from my laboratories m which the subject is dealt 
with more fully than is possible here.* 

(4) Evidence from Explosions of Methane, Ethane, Ethylene and Acetylene 
with its own volume of Oxygen . Methane -It has already been mentioned that 
on explosion with its own volume of oxygen—or just half that required for 
complete combustion—methane yields principally carbonic oxide, hydrogen 
and steam, in conformity with the equation :— 

0H 4 + 0 a — CO + H a + H a O, 

although a relatively small amount of carbon dioxide is produced owing to 
the " water-gas reaction '* CO + OH a C0 a + H a coming into play during 
the cooling period. 

Experiment —This will be demonstrated by firing the mixture in a sealed 
glass bulb at an initial pressure of 730 mm. There is a sharp bluish flame 
without any separation of carbon, but steam is seen to condense on cooling. 
If time permitted an examination of the cold gaseous products, their pressure 
would be found to be about 750 mm. (pjp x = 1-027) and their composition 
as follows :~ 

CO a = 6*5, CO = 42-0, H a = 50-5, and CH 4 = 1*2 per cent 

Such result is just what might be predicted from the “ hydroxylation ” 
theory, supposing a “ non-stop ” run through the mon-hydroxy to the di - 
hydroxy- stage followed immediately by a complete breakdown of formaldehyde 
into carbonic oxide and hydrogen and subsequent “ water gas reaction ” during 
the cooling thus 

CH 4 -CH a OH-► CH a (OH) a 

H a O + H a : cTo 

,-*-- 

H a + CO 

and CO + H a O CO + H a . 

* W. A. Bone, R. P. Fraser and F. Lake, * Proo. Roy, Soo ,* A, vol. 131, p. 1 (1931). 
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Although at atmospheric pressure, methane-oxygen mixtures containing leas 
than 40 per cent, of oxygen are non-explosive, yet by sufficiently raising the 
pressure they become so down to the 70 CH^O O a limit or thereabouts. My 
colleague, Dr. D. T. A. Townend, who recently investigated the matter very 
thoroughly, found the results of their explosions to agree well with the 
theory, breakdowns occurring at both the mono- and dihydroxy-stages.* 
When, for instance, a 1CH 4 + 30 a mixture was exploded in a bomb at 
initial pressures of 6 and 10 atmospheres respectively, neither was any 
carbon deposited nor did more than about 2 per cent, of the original 
methane survive in the products, proving that the original oxygen had been 
initially distributed over much more than its own volume of the hydro¬ 
carbon, a conclusion which was also confirmed by his other experiments. 
Another point of importance was that the proportion of oxygen surviving 
as steam in the final products at corresponding pressures was greatest in 
the 5 CII 4 + 20 a and least with the 3CH 4 + 20 a explosions, which latter 
seemed to mark a definite turning point It maybe pointed out, in passing, 
that such facts, while quite consistent with the hydioxylation point of view, 
are opposed to recent suppositions about an initial “ peroxidation " 

Ethane .— (a) “ Inflammation” The explosion of an equimolecular mixture 
of ethane and oxygen was immediately seen to be crucial as between the 
former idea of a preferential burning of the carbon and the “ hydroxylation " 
theory. For, whereas, according to the former, only carbonic oxide and 
hydrogen should result, thus : 

C 2 H fl -1' O a = 2(JO + 3H a , with pjp x == 2'5, 

the “ hydroxylation ” theory would require the formation of methane, carbon, 
hydrogen, carbonic oxide and steam, with some carbon deposition and a pjp x 
ratio < 2*5 as follows :— 

CjHe-- C a H-0H -> CH 3 .(JH(OH) 2 

r- A --1 

H 2 0 + CH 3 . CHO 
| CH 4 -f CO * 'j 
k' + 2H t + C0j 

Experiment .—The experiment will now bo repeated of firinga CjH* + O a mix¬ 
ture in a sealed bulb at an initial pressure (p x ) of 730 inrn. It will be observed 

* * Proe. Ro>. Noc / A, vol. 110. p. 037 (1927). 
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that a lund yellowish-red flame fills the vessel, accompanied by a black cloud 
of carbon particles ; and a close inspection will reveal a considerable condensa¬ 
tion of water also If the bulb were opened, rinsed out with water, the 
presence of aldehydic products could be demonstrated by means of Schiff’s 
reagent. A detailed examination of the cold gaseous products would show 
their pressure to be some 50 per cent greater than that of the original mixtures 
(PtlPi = 1*5), and their composition as follows :— 

CO a = 4-2, CO = 33-5, C ft H m = 2-7, CH 4 -= 11 0, and H 2 = 48-6 per cent., 

about one-sixth of the original carbon having been deposited as such. All 
this is in conformity with the hydroxylation theory. 

It should be noted that in such an explosion the proportions of carbon 
separating during the reactions and of steam surviving in the products therein 
vary with the flame temperature and rate of cooling, both of which are 
influenced by the surface/volume ratio of the containing vessel The smaller 
this ratio the hotter the flame and the slower the cooling, and, while the former 
favours carbon deposition, the latter allows of more unbuming of the steam by 
carbon C + OH 2 -= (JO + H 2 . Indeed both the separation of carbon and the 
formation of steam and oxides of carbon in hydrocarbon explosions are 
secondary effects in the sense that all result from the thermal decomposition 
of the primary oxidation products. 

Experiments shnoing Effects of Firing a C 2 ff« 4 0 2 Mixture m (a) a Long Tube, 
and ( b) Globe of Equal Capacity 

This point may be illustrated by firing the equimolecular C 2 H 8 4* O a mixture 
in two glass vessels having approximately the same volume but widely different 
surface areas. For this purpose (a) a closed tube about 100 cm long and 
2-5 cm internal diameter, and (6) a globe of 9-5 cm internal diameter have 
been selected Both these vessels have the same volume (circa 500 c.c.), but 
the surface area of the tube is about 2*75 times greater than that of the globe. 
They have both been previously filled with the same C a H 6 4* 0 2 mixture 
at a pressure of about 700 mm. On now comparing the results of the two 
explosions, it is at once evident that more water and less carbon have survived 
in the tube than m the globe experiment Indeed the p a /Pi ratio about 
1*45 only in the former as compared with about 1 * 75 m the latter, and an 
examination of the products would show that the difference is accounted for 
by a much greater survival of steam, aldehydes, acetylene and ethylene in 
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the tube experiment. Thus, in similar experiments (Table I) m my laboratories 
we found:— 

Table I.—Inflammation of an Equimolecular Mixture of Ethane 
and Oxygen. 

<*) 
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20 
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| 20 
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(6) “ Detonation It was the 1 result of such an experiment as the foregoing 
which finally convinced the late II. B Dixon, who was following the investiga¬ 
tion very closely, of the validity of the hydroxylation ” theory as applied 
to ordinary explosion flak.«* and made him curious to know whether it could 
bo extended to “ detonation " also Accordingly, this being a crucial case, 
in 1905-00 both ho and I quite independently succeeded in “ detonating ” an 
equimolecular mixture of ethane and oxygen m a leaden coil at initial pressures. 
(^i) between 1*5 and 1-75 atmospheres. In each case a little carbon was 
deposited, and steam condensed on cooling, while the ratio of the pressure of 
the cold gaseous products ( p 2 ) y which contained about 8 per cent, of methane, 
to that of the original mixture was from 1*9 to 2 0, and the rate of detonation 
was 2180 metres per second. 

Unfortunately, it is not possible to repeat the experiment on a lecture table, 
so I must be content with reproducing the following particulars of our 1905-06 
results which satisfied us both that, even under the extreme conditions of 
detonation, the main reactions had been as predicted by the theory, though 
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naturally there has been greater “ shattering ” of the CH S . CHO molecules 
and subsequent unburning of steam by the separated carbon than in the 
milder initial phase of the explosion combustion. 


Detonation of a C 2 H„ 0 2 Mixture. 



Pv 

Pt 

P»/lh 

Percentage composition of gaseous 
products 

C0 2 . 

CO. 

C„H m . 

ch 4 . 

H. 

H. B D 

W A. B. 

mm 

im 

U80 

mm 

2725 

2240 

2 00 

1 00 


! 

38 55 

39 10 

1 

1 10 

1 40 

8 15 
! 7 70 

i 

51 10* 
50 00 


* Common ting upon this result in a private i o mm u rue a turn to mo, dated March 8, 1927, 
Dixon said . " 1 think the main reaction taking place in the explosion wave is the ono 1 under¬ 
stand yon adopt -- 

C,H« f- 0, r.-. CH, OHO f 11,0 
OH,. CHO - <JH 4 CO 

Hut I would not conclude the other reaction (he was referring to 0',^ f O,- 2CO I 3H,]os 
impossible because this is the main one. 1 imagine the oxygen molecules running into the ethane 
molei ules at all sorts of angles, with regard to the * axis of orientation * of the ethane and there¬ 
fore possibly uniting with the two carbons straight You, I take it, consider the ethane to 
swallow the oxygen whole and then split up as in the above equation.” 

Those results were also borne out by those, which I communicated to the 
Society in 1915,* of a series of C 2 H 6 -j- O a explosions in bombs at various 
initial pressures between 10 and 40 atmospheres. 

Ethylene and Acetylene .—The preferential burning of carbon which apparently 
occurs when either ethylene or acetylene is exploded with its own volume ot 
oxygen, is just what would be predicted from the theory outbned herein as 
follows :— 


(i) H a 0 . CII 2 —► [H 2 0 : CIIOH]- 


0 0 

(u) HC:CH-► HC.CH 

CO -\ II 2 :C:0 

. r jL - 

H a + 00 

* * Phil. Trans.,’ A, vol. 215, p. 310 (1027). 


H H 

HO.C.O OH 
2H 2 :0.0 
2II a + 200 
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Experiments. —Each of theso equimolecular (a) C a H 4 -f* 0 2 and (b) C a H a -fO a 
mixtures will now be fired in sealed bulbs at an initial pressure (p A ) of about 
500 mm. It will be seen that in neither case is there even the slightest separa¬ 
tion of carbon on condensation of steam on cooling, which is m striking contrast 
with what happened in the corresponding C a H e + O a explosion. An investi¬ 
gation of the cold products would reveal in each case 1 a large increase in the 
pressure—namely, (a) almost a doubling in the ethylene-, and (b) by nearly 
50 per cent, in the acetylene-explosion—and their composition would be:— 

(а) CO a = 0-5, CO = 50*0, H a = 47*5, and CH 4 = 2-0 per cent, with 
PJPi = 1-95* 

( б ) CO a — 0-75, CO — 67 0, H a = 30-75, and CIT 4 ^l-5 per cent, with 

PnlPi-r l- 47-* 

(5) Contrast between the Behaviours of Paraffins and the corresponding Olefines 
in Explosion* of C n Jl 2ni 2 + 7 O a and (\H 2n + * O a Mu lures. 

T now come to a most arresting and significant feature of the experimental 
evidence to which I would invite the closest attention. It is that whereas 
ail the gaseous hydrocarbons of the C„H 2n series (j.e , cthyleue, propylene, 
tnmethylene and butylene) on explosion with a proportion of oxygen 

C n H an + - 0 3 always yield substantially carbonic oxide and hydrogen only 

without any separation of carbon or material steam formation— as though 
there had been a preferential burning of their carbon m accordance with the 
equation 

C„H*» + 7 O a = nCO + H 2 — 

explosions of the corresponding members of the C n H 2n+a or paraffin 
series (t.e., ethane, propane, and butane) with oxygen in the 

C«H 2n t-2 + proportion, all result in dense clouds of carbon, steam, 

methane and oxides of caibon, just as has already been seen in the case of the 
C a H e + O a mixture. 

Experiments .—In order further to demonstrate and drive homo this crucial 
point, two series of scaled bulbs, (a) the one filled at 500 mm. with olefine 

C n H ln + 7 0 2 mixtures and ( 6 ) the other at 750 mm. with the corresponding 
2 

* Here again, it may be pointed out, the very small percentages of oarbon dioxide in 
the products prove tho practical non-formation of steam during the explosions. 
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paraffin C„H 2b+2 + - 0 2 mixtures will now be exploded, the results being 
2 

supplemented m Table II by full particulars of similar experiments carried 
out in my laboratories. 

It is difficult to explain llie very significant behaviours of such olefine 

C n H 2jl + ~ 0 2 mixtures except by supposing that their explosions involve 

the successive eliminations of some oxygenated group or substance, such as 
formaldehyde, capable of rapidly decomposing in the flame into equal volumes 
of carbonic oxide and hydrogen without carbon separation or material steam- 
formation. In the case of propylene, for example, the process might perhaps 
be rather crudely pictured, somewhat as follows :— 

CII 3 .CHOH 2 - CH 3 .CH :CHOH - CH 2 . CH 2 + H 2 • 0 : 0 

/ CO + H^ 

PH 2 :CHOH -> CHOH CHOH 

2 H, -0:0 

/- A -» 

2C0 -| 2 H a 

On the othei hand, it is much harder to conceive of such Tosult ns following 
upon (say) an initial “ peroxidation ” of the propylene to CH S . OH CH a in the 

0 — 0 

flame because of the probability of the latter decomposing munediately into 
0H 3 . CIIO + H 2 : C : 0 

r ch 4 + oo i co + h 2 

1C + 2 H 2 + coj 

Indeed, the non-production of carbon, together with the negligibly small 
appearance of methane, in such explosions seems to me decisive as between the 
“ hydroxylation ” and “ peroxidation ” theories. 

(6) Explosions of Olefine-Oxygen Mixtures containing less Oxygen than 

c n ff 3n + lo t . 

Another very remarkable feature of the explosion of olefine-oxygen 
mixtures is that whereas little or no steam is produced when the oxygen 
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Table II—Results of Comparative Explosions of C n H 2 „ +2 -f - 0 2 and C n H 2n + — 0 2 Mixtures. 
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present 


corresponds with the C n H 2n 



0 2 proportion, more and more of 


it will appear m the cooled products if and as the oxygen-ratio is progressively 
diminished therefiom, even though progressively more carbon is simul¬ 
taneously deposited. 

Experiment —To illustrate this point, mixtures 3C 2 H 4 + 20 a , C 3 H 0 + l£0 a 
and C 4 H 8 + 1|0 2 respectively, will now be exploded in sealed bulbs at initial 
pressures of circa 600 mm It will be seen that in each case the flame is 
accompanied by a copious separation of carbon, and an inspection of the cooled 
products will enable the condensation of steam to j/e verified. 

Particulars of similar experiments previously carried out in my laboratories 
are shown in Table III as follows. 


Table III.—Results of Olefine-Oxygen Explosions. 


Original mivturc 


3C a H 4 f 20 a 


H IfO 


t’*H t + 40 a . 


Vx ( mm ) 
Pi( uam) 
Pt/Pi 


Percentage 
composition 
of gaseous 
products 


! 

562 3 

816 4 

1 45 

682 0 
1213 0 

1 78 

ro. 

2 50 

J 20 

CO 

37 20 , 

43 05 


6 40 

4 90 

ch 4 

6 50 

6 90 

H a 

47-40 i 

41 95 


574 0 
1094 0 
1*90 


3 50 

41 40 

4 75 
7 55 

42 SO 



C 

h.. 

o a 

c. 

H, 

Oa 

c. 

H,. 

(), 

Units in original mixture 

670 

670 

227 

918 

018 

37(5 

899 

899 

347 

,, gaseous products 

482 

672 

172 

763 

766 1 

300 

678 

713 j 

265 

Differences 

I 

188 

98 

55 

165 

! 

152 

76 

! 

221 

186 

82 

Percentage of original 0 8 in condensed 
products aB H a O and aldehyde 


24 4 



20 



23 6 



General features —Carbon deposited and steam condensed on cooling. Products gave distinct 
aidehydic reactions. 


Again, such results are what might be anticipated from the hydroxylation 
theory; because, whenever the oxygen originally present m the medium is less 
than that which is requisite for the successive elimination as H a : C: 0 of 
all the postulated ■ CH 2 units, there must finally be some breakdown of a 
CH : CHOH complex with production of both carbon and steam. And 
further experiment showing that in such circumstances the proportion of the 
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original oxygen surviving as steam in the cold products increases always 
with a growing oxygen-defect in the original medium strongly supported 
“ hydroxylation.” 

In addition to these experiments which have been specifically referred to, 
during years 1900 15 we made a great many others, embracing every possible 
condition between slow combustion and detonation, and at initial pressures 
ranging from as low as onc-tlurd of an atmosphere up to as high as about 
50 atmospheres, and the cumulative effect of all the evidence so obtained 
was so overwhelmingly in favour of the “ hydroxylation ” theory that the 
latter was left firmly established as a working theory m terms of whieh all the 
then known facts could be correlated and expressed And, I still regard it as 
affording the best general view of the normal course of hydrocarbon com¬ 
bustion. 


III.— Recent Developments—Hydroxylation v Peroxidation. 

In recent years the number of workers in the field has so multiplied the 
world over that the task of reviewing the results of all their activities is 
impossible of accomplishment witlun the limits at my disposal, the utmost 
I can attempt is to deal with matters of outstanding interest only in so far 
as they bear upon the median ism of hydroearbon-combustion. 

Most of the new evidence has been derived from experiments upon slow 
combustion , much of it relates to that of the hydrocarbons found in petrol, 
and, owing to their much greater inherent complexities, it is far less 
amenable to interpretation than that derived from the simpler gaseous hydro¬ 
carbons which have so far been considered 

Another difficulty is that rarely have recent authors published sufficiently 
detailed analytical results for any sure conclusion being drawn concerning 
the interpretation of their work ; for it cannot be too strongly insisted that 
inferences drawn merely from observed pressure-time records and the like, 
without complete quantitative analytical data enabling “ carbon-hydrogen- 
oxygen " balances to bo made at a sufficient number of selected points so as to 
manifest what is actually going on m the medium, may be quite unreliable and 
misleading. Also, conclusions which may be rightly drawn from a study 
of one particular case under narrowly restricted conditions must be 
carefully weighed and compared with well-authenticated facts previously 
observed in other cases of hydrocarbon combustion before being accepted as 
generally applicable to the problem as a whole. Moreover, care needs to be 
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taken to discriminate between the usual and unusual courses of events observ¬ 
able in any particular circumstances so as to avoid mistaking the abnormal 
for the normal, or the secondary for the primary, happening. For, especially 
m regard to explosive combustion, it is always the balance of evidence that is 
of most importance 

( 1 ) Formation of Aldehydes, Alcohols , etc — In regard to recent experimental 
work on slow combustion, the intermediary formation of aldehydes has been 
so abundantly confirmed by numerous investigators that it is now part of the 
generally accepted facts which any valid theory must account for. Also, several 
observers have proved the intermediate formation of alcohols. Indeed, the 
tendency lias been to increase rather than diminish the number of such 
recognisable intermediate products, with the result that some of the more 
recently deviat'd “ oxidation ” schemes purporting to account for them appear 
fantastically complex. 

(n) Induction and Reaction Periods m Slow Combustion, —Another fact 
which has been commonly observed m eases of slow combustion at low tempera¬ 
tures is the occurrence of a well-defined “ induction period,” before any dis¬ 
cernible reaction sets in, when a homogeneous hydrocarbon-oxygen mixture is 
introduced into an enclosure maintained at a constant temperature conducive 
to a measurable non-explosive oxidation without the medium being thereby 
self-heated. 

The duration of such “ induction period,” winch is marked by the absence 
of any perceptible pressure-change in the medium, depends m any particular 
case upon such factors as temperature, pressure and the proportion of hydro¬ 
carbon to oxygen in the medium ; but at the end of it the pressure begins to 
rise fairly rapidly, continuing to do so during the subsequent “ reaction period,” 
and finally becoming constant again at some higher level when oxidation has 
ceased. The duration of the “ reaction-period ” is similarly dependent upon 
the same factors as control the induction-period, and both are considerably 
shortened by the presence of quite small amounts of moisture, alcohols 
aldehydes, etc., in the system * 

(iii) Durations of Induction and Reaction Periods dependent upon Hydro¬ 
carbon Concentration .—Several investigators have confirmed, what had first- 
been observed more than 25 years ago, that- the rate of reaction in such liomo- 

* Experimental proof of the statements contained in this paragraph was given in two 
recent papers from my laboratories relating to the slow combustion of ethane and methane, 
respectively, 1 Proc. Roy. Soc / A, vol. 129, p. 434 (1930) and \ol. 134, p. 578, t-o which 
readers are referred. 
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geneous slow combustion is mainly dependent upon the hydrocarbon (and not 
the oxygen) concentration. Thus, for example, H. W. Thompson and C. N. 
Hmshelwood have observed that with both methane and ethylene, as well as with 
benzene, the rate of reaction increases very rapidly with increasing hydrocarbon 
concentration, but is relatively little influenced by oxygen*; and in the case 
of acetylene, G. B. Kistiakowsky and S. Lenlier found the rate of reaction 
proportional to the square of the hydrocarbon concentration but independent 
of that of the oxygen.f More recently still it has been proved in my labora¬ 
tories, that with each of the first three members of the paraffin series (i.e., 
methane, ethane and propane) both the shortest induction period and the 
fastest subsequent rate of oxidation are obtained with a 2:1 hydrocarbon 
ratio m the medium, as the following comparative data show 


Table III.- Durations of (i) Induction, and ( 11 ) Reaction Periods, respectively, 
m the Slow Combustion of Hydrocarbon-Oxygen Mixtures. 


Hydrot arlxm. 

i 

j 

Methane 


Ethane. 

Propane 

Ethylene. 

Temperature, T 

1 

447° 


310° 

2B7® 

300° 

Hydrocarbon-oxygen ratio 


2.1 1*1 

1 2 

21 11 1.2 

2-1 1.1 1.2 

i 

2 1 1:1 

Duration of— 

(i) lnduetion-peiiod (mmn) 

ij 10 

3 5 10 

18 

3 30 00 

1 

110 170 700 

16 

47 

(u) React ion penod (man ) 

j 150 

35 400 

* 

13 35 225 

14 21 32 

11 

33 


* Too long to lx 1 measured 


Note. The methane oxygen and ethylene-oxygon mixtures used were all saturated with moisture at room tempera¬ 
ture, but aU the others (ethane and propane) were P a 0 5 -dned 


Also, with propane and ethylene, we have recently found small amounts of 
aldehydes, but without any “ peroxide," to be formed towards the end of the 
“ induction period ” 

(iv) The Initial Reaction—" Pei oxidation" or u Hydroxyhtion ” 2 —While 
none of the foregoing facts disagree with the, “ hydTOxylalion ” theory—and 
there is now considerable consensus of opinion that, as was said 25 years ago, 
most probably the solution of the problem lies “ m the, assumption of an initial 
association of the hydrocarbon and oxygen forming an unstable ‘ oxygenated ’ 
molecule,”—some investigators prefer to regard the initial association of the 

* ‘ Proc. Roy. Sue.,’ A, vol. 125, p. 277 (1929). 
f ‘ J. Amer. Chem. Soc vol. 52, p. 3785 (1930) 
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hydrocarbon and oxygen as resulting in a “ peroxide ” rather than a hydroxy- 
latcd molecule, and we may now profitably consider this suggestion. 

Alkyl peroxides (e.g , CH 3 .0 O . H, and CH 3 .0.0. CH 3 ) which were first 
described by Baeyer and Villiger* in 1900-01 and have recently (1928-29) 
been re-investigated by ftieche and his collaborators,f are prepared by acting 
upon a di-alkyl sulpliate with hydrogen peroxide m alkaline solution. At 
room temperature all but the di-methyl-peroxide arc unstable endothermic 
liquids which readily explode upon being suddenly heated or subjected to 
“ shock ” ; their explosive decomposition is very complex, producing mainly 
aldehydes and hydrogen together with hydrocarbons, alcohols, acids and 
steam. According to Keiche. an alkaline solution of methyl-hydrogen-peroxide 
decomposes m a complex manner with the principal formation of a formate and 
hydrogen. 

The suggestion of an initial peroxidation of a hydrocarbon m combustion 
seems to have sprung from certain observations purporting to show the forma¬ 
tion of substances of such a “ peroxide ” character when air is drawn through 
liquid hydrocarbons at fairly low temperatures ; and unstable “ alkyl per¬ 
oxides 51 formed m such circumstances have been leported. 

In 1927 experiments made at the Imperial College, under the direction of the 
late Professor H. L. Callendar, upon the slow combustion of hexane, and which 
resulted in the formation of valeraldehyde, acetaldehyde and formaldehyde 
in great profusion without any detectable initial hexyl alcohol C 6 II 13 . OH, led 
him to consider that the initial oxidation of a hydrocarbon m air more probably 
involves the formation of an alkyl peroxide “ by the direct incorporation of the 
oxygen molecule in the hydrocarbon molecule and after direct collision,” 
which subsequently decomposes giving rise to aldehydes and water thus:— 

H H HH H H 

It. C C.R + O.O — R C C.R or R.C.O.O.C.R, etc.J 

H H OH H H 

0 

H 

* 4 Ber. deuts. chem. Ges.,’ vol. 33, p. 3387 (1900), and vol. 34, p. 738 (1901). 

t * Ber. deuts. ohem. Ges.,’ vol. 61, p. 951 (1928), vol. 62, p. 218 (1929), and vol. 62, 
p. 2438 (1029). 

X ‘ Engineering,’ vol. 123, pp. 147, 182 and 210 (1027). 
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In a paper entitled “ Kinetics of the Oxidation of Ethylene ” communicated 
to the Society in 1930, H. W. Thompson and C. N Hinshelwood* steered a 
via media between the two views by suggesting that while “ the first stage of 
the reaction is the formation of an unstable peroxide ” . . . “ there is 
no doubt that Bone’s interpretation of the complete course of oxidation as a 
process of successive hydroxy lation is essentially correct ” and that “the 
two views are not incompatible, and a combination of them suggests an explana¬ 
tion of the facts ” For (they continued) if the initial unstable C 2 H 4 : 0 2 
“ collides with another ethylene molecule the oxygen is shared and two hydroxy - 
lated molecules, e.g CHOH, are produced, which continue the chain. If, 



however, the peroxide collides with oxygen it may either be decomposed or 
oxidised completely to stable products which do not happen to be effective 
in continuing the chain.” 

Perhaps the latter view might be paraphrased thus. Although the initial 
collision between ethylene and oxygen molecules results in the unstable 

C 2 H 4 .0 2 , the easiest next step is the formation of two CHOH molecules by its 

• • 

CH a 

collision with a second ethylene molecule, in which case the further oxidation 
proceeds by successive “ hydroxylat ion ” , and since collision with oxygen 
would result in stable products which would be ineffective in continuing the 
chain, the mam course of oxidation after the first collision will be by successive 
hydroxylations. 

Thus regarded, the two views would seem to be so nearly alike that, for most 
practical purposes, the difference between them is of no great moment; nor 
need they be mutually exclusive, and might perhaps even be supplementary. 
Only a very rash or inexperienced person would nowadays assert that every 
fruitful collision between hydrocarbon and oxygen molecules (or oxygen- 
atoms) must always have precisely the same result as regards the particular 
“ oxygenated ” molecule initially produced And in any given circumstances 
there is always the possibility of the oxidation proceeding by both of two likely 
routes, albeit for the most part by one of them. 

I shall endeavour to keep an open mind on the subject; but, having during 
more than 30 years of continuous experimenting received so many satisfying 
proofs of an initial “ hydroxylation,” I should want some much more cogent 

* * Proc. Roy. Soc./ A, vol. 126, p. 277 (1929). 
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and verifiable evidence of an milial “ peroxidation ” than has yet been forth¬ 
coming before I could accept it even in a supplementary sense. 

In examining the kind of experimental evidence of it so far adduced, I am 
impressed mostly by its inadequacy and incompleteness. It is not enough to 
show, as some have done, that during the slow oxidation of a hydrocarbon 
products are formed capable of liberating iodine from a solution of potassium 
iodide, because, at least in presence of oxygen, aldehydes will do so. Nor 
would it suffice to prove the formation of some unidentified “ peroxide ” 
during the combustion process without also proving it to be the initial product 
and not merely a peroxide incidentally formed during the further oxidation of 
acetaldehyde or the like ; but so far such direct evidence has been wanting. 
From what I have read about their work, neither the late Professor Callendar 
in his experiments upon the slow combustion of hexane, nor yet Thompson and 
Hinshelwood m theirs upon ethylene, adduced any experimental proof of 
the actual presence of the “ peroxide ” whose initial formation they postulated. 
And although for some time past my collaborators and self have diligently 
sought for some such proof, up to now our search has been m vain, although 
in certain oases we have found some evidence of peroxidation supervening 
upon the first appearance of acetaldehyde, etc. 

Perhaps the nearest approach to anything like direct evidence so far made 
is m some experiments by MM. P. Dumanois, P. Mordam-Monval and B, 
Quanquin* in which on passing mixtures of air with excess of the vapours 
of octane, heptane, hexane or pentane respectively through a tube maintained 
at 270°, a pale bluish flame accompanied by white acrid fumes was observed ; 
and on condensing the latter, two liquid layers separated, the lighter of which 
contained hydrocarbons, alcohols and aldehydes, while the heavier one con¬ 
tained an explosive oil with the properties of an alkyl peroxide which was not, 
however, identified. 

(v) Further Evidence from the Slow Combustion of Methane , Ethane , Propane 
and Ethylene —(a) Methane . If an initial “ peroxidation ” is general in hydro¬ 
carbon combustion, it must happen with methane, the simplest one of all. 
Accordingly, some time ago I decided to have its slow combustion thoroughly 
re-mvestigated in my laboratory, both at ordinary and under high pressures, 
with results which have been communicated to the Societyf so recently that it 

* * C. R. Acad. Sol. Pons,’ vol. 101, p. 209 (1930), ‘ Chim et Iml./ vol 27, p. 771 (1932). 

| W. A. Rone and R. E. Allum, * Proc Roy. Soc A, vol. 134, p, <578 (1932), and D M. 
Newitt and A. E. Haffner, ibid p. 591. 
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scarcely seems necessary to recall them now. Suffice it to say that, while no 
sign whatever of “ peroxidation ” could be dotoctod at any stage of the process, 
substantial quantities of methyl alcohol and formaldehyde were isolated 
m the pressure-oxidation, and the most reactive methane-oxygen mixture 
was found to be that having the alcohol-forming 2CH 4 -|- 0 a composition I 
can scarcely conceive of any stronger evidence of “ hydroxylation,” or that 
can be less gainsaid. 

(fc) FAhane —With reference to ethane, the next higher paraffin, I need only 
recall how we had previously shown in similar experiments that at 316° and 
atmospheric pressure the alcohol-forming 2C 2 IIe + 0 2 mixture is much more 
reactive than the equimolccular one ; and although inconsiderable amounts 
of some “ peroxide ” were undoubtedly formed as a concomitant of acetalde¬ 
hyde, no evidence was forthcoming of any earlier “ peroxide ” occurrence. 
Indeed the experiments made me wonder whether other workers may not 
have confused peroxidation of mterraedially formed aldehydes with that of 
the original hydrocarbon. In this connection it may not be out of place to 
quote Messrs A C Egerton and S. F Gates, who, m discussing the action of 
“ anti-knocks ” m petrol-air explosions, said. “ If the hydrocarbon by 
encounter with oxygen may form peroxides, it would seem that they should be 
formed still more favourably by aldehydes, and this might be a reason for the 
case with which aldehydes tan be ignited, and for the great effect of anti¬ 
knocks upon them.” 

My colleague. Dr D M Newitt, is now completing a most enlightening study 
of the direct pressure-oxidation of ethane during which he has isolated large 
quantities of ethyl and methyl alcohols, acet- and form-aldehydes without 
finding any trace of peroxide Thus in one experiment at 275° and 100 atmo¬ 
spheres, with a mixture initially containing 90 ethane and 10 oxygen, no less 
than 36*5 per cent, of the carbon of the ethane burnt has been isolated as ethyl 
alcohol, another 30 per cent, of it as methyl alcohol, 7*5 per cent, more as 
acetaldehyde and 0*5 per cent more as formaldehyde—or altogether nearly 
75 per cent of it as such intermediate products—without any sign whatever 
of any “ peroxide ” accompanying them A very remarkable feature was the 
isolation of so much methyl alcohol, whose formation seems probably due to 
the thermal decomposition CH a (OH) OHO — CO + CH 3 OH And, indeed, 
so far from supporting “ peroxidation,” the experiment has proved almost 
quantitatively the following complete hydroxylation scheme:— 



CHoOH 


CH(OH ) 2 


OH H 


OIL 


H 2 0 -f Of) + CH 3 OHO -> II, * C . 0:0-* 

,-A-, 

CO + CH 3 OH 

OH . OH 

H 2 :C . 0*0 

,---> IIO v HO 

l CO + H a O + H 2 :C.O- >C:0- >C 0 

H x HCT 


H 2 0 + CO H 2 0 + C0 2 


Surely no more conclusive experimental proof of “ hydroxylution M could be 
desired 

(c) Propane —In the course of experiments now proceeding on the slow 
oxidation of propane at 207°, the alcohol-forming (2C 3 H B 0 2 ) has again 
proved itself more reactive than the equimolecular (C 3 H B 0 2 ) mixturo; 
moreowr, definite proof has been forthcoming that, although three-quarters 
way through the “ induction period ” small amounts of aldehydes are present, 
no trace of “ peroxide* ” can be simultaneously detected m the medium, 
notwithstanding that the test for “ peroxide ” is (if anything) rather more 
sensitive than that for aldehyde. This proves that the formation of alde¬ 
hydes precede ^ Unit of any peroxide. 

(d) Ethylene —In similar experiments whit li we are making upon the slow 
oxidation of ethylene at 300° it has been proved that a 2 C a H 4 + 0 2 is much 
more reactive than a C 2 H 4 + 0 2 and that, the formation of aldehydes, which 
can be observed towards the end of the induction period, precedes that of 
peroxides 

Hitherto my experiments have been confined to gaseous hydrocarbons, that 
is, up to and including butane and butylenes, because I have always felt that 
the increasing complexities met with in ascending the series further would 
impose well-nigh insuperable difficulties in interpreting the results ; and I am 
still of the opinion that, from a chemical point of view, at present there is little 
or no advantage in going higher. 
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IV.— Summary and Conclusions. 

Having thus set forth the principal experimental facts and theories of hydro¬ 
carbon-combustion, so far as I am able to judge the present position of matters 
seems to be as follows .— 

( l ) While there is general agreement that, both in slow and explosive com¬ 
bustion, then 1 is an initial association of the hydrocarbon and oxygen forming 
an oxygenated molecule, opinions have recently differed as to whether it is 
“ hydroxylation ” or “ peroxidation.’' 

( 11 ) The “ hydroxylation ” theory is supported by such a cumulative weight 
of evidence, both qualitative and quantitative, and is capable* of explaining 
and correlating so vast a majority of the known facts, as regards both slow and 
explosive combustion, that it may be regarded as having thereby proved its 
credentials as a working theory of the normal course of hydrocarbon com¬ 
bustion In certain typical cases of slow combustion, not only have all its 
postulated intermediate hydroxylated molecules (or their known thermal 
decomponent&) been actually isolated, many of them m considerable amounts, 
but m one ease (ethane) the* proof has been quantitative, including no less than 
a 30 per cent, yield of the initial product ethyl-alcohol, without any trace of 
“ peroxide ” With methane, also, hydroxylated products, including methyl 
alcohol, have been isolated and estimated without any sign whatever of 
“ peroxidation ” , and even in cases where traces of peroxide have been observed 
they have resulted not fiom the initial but from later happenings, namely, 
only after (and not befoie) the appearance of aldehydes From the kinetic 
point of view, also, the evidence is all m favour of an uutuil mon-hydroxylation. 
Finally, some of the (haracteristie phenomena of explosive combustion, which 
1 have recalled and demonstrated, can best be explained by “ hydroxylation 
and seem incompatible with “peroxidation'* 

(m) Oil the other hand, when closely examined, the credentials of “per¬ 
oxidation ” appear doubtful. For, so far as 1 know, in no ease of slow com¬ 
bustion has the postulated initial “ peroxidation " yet been proved by the 
actual isolation of the particular peroxide involved. And, even in cases 
where the presence of small (usually inconsiderable) quantities of peroxides has 
been proved, no conclusive evidence oi identification has been forthcoming. 
A Iso, sufficient cans has not always been taken to avoid confusing an incidental 
“ peroxidation ” of intermedially formed aldehydes with an initial “peroxida¬ 
tion ” of the original hydrocarbons , for m certain cases recently examined, e </., 
ethylene, ethane and propane, the formation of aldehydes definitely precedes 
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that of any peroxide. Filially, the idea of an initial “ peroxidation ” seems 
countered by certain facts relating to explosive; combustion, and notably by 

the results of exploding r n U 2n -\- ~ 0 3 mixtures at ordinary pressure, and of 

- *2i 

metliane-oxvgen mixtures intermediate between 50II 4 + 20 a and CII 4 + 0 2 
at high presumes Therefore, while admitting the likelihood of incidental 
“peroxidation ” of mtermedially formed aldehydes and the possibility of an 
initial 4 ‘ peroxidation M of a small minority of hydrocarbon molecules con¬ 
comitantly with the “ hvdroxvlation ” of the remainder, as yet the preamble 
of the case should be regarded as experimentally “ not proven ” 

(iv) In any ease, even if eventually proved valid in particular cases or circum¬ 
stances, “ peioxidation ” can scarcely be regarded as being more than supple¬ 
mentary to “ hydioxylation,” nor “ peroxide' ” as more than a side-product. 
In other words, it might possibly afford an explanation of “knoth” as an 
abnormal feature of hydroearbon-air explosions but scarcely of the normal 
course of oxidation therein 

In closing this review, tw T o further points should be stressed One is the 
need of further investigation of the “ induction period ” in hydroourbon- 
tombustion which, though most easily observed in slow combustion, can also 
be detected in explosive combustion when the igniting source (e g , spark) 
is below a certain intensity Next to nothing is known for certain about its 
meaning, and so obvious a void m our knowledge needs filling up. The other 
is the danger of concentrating attention too much upon slow combustion to the 
comparative exclusion of explosive combustion and detonation. For it is 
only by taking all conditions into account comprehensively that a true view’ 
of the Rubjeet can be gained. 

In conclusion, 1 desire to thank my colleagues, Drs. I). M Newitt and D. T. A. 
Townend, as well as Mr, L.E. Outridge,for their skilful help m connection with 
the experiments shown during the lecture. ■» 
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Velocity of Propagation of Light in Vacuo in a Transverse 
Magnetic Field. 

By C. Coleridge Farr, F.R.S , and C. J. Banwell, B.So. 

(Received March 8, 1932.) 

IPlatk 13. | 

This investigation was undertaken to find, within the limits of sensitivity 
of the apparatus used, the effect of a transverse magnetic field on the velocity 
of propagation of light in vacuo. An interference method was used, one of 
the two rays from the first mirror of a Jamin refractometer being passed 
through a strong magnetic field, while the other ray passed through a weaker 
field. The two rays were recombined at the second mirror, and the resulting 
interference bands viewed with a microscope lens combination. Any relative 
change in the velocities of the two rays would be observed as a movement of 
the bands. 

As far as the limited facilities of this part of the world have enabled the 
authors to ascertain there has not been a very great deal of experimental work 
done on this aspect of the relations between optical and magnetic phenomena. 

Theoretical investigations have been carried out by Nordstrom and Weyl 
to relate gravitational and other fields of force, by Larmor who discusses the 
alterations necessary in the velocity of light to bring gravitation or any other 
field of force into the electrodynamic scheme, and by Whittaker who ascribes 
magnetic properties to the photon and has treated the subject from a different 
aspect.* Watson has endeavoured to determine experimentally the effect 
(if any) of a transverse magnetic field on the velocity. In tho present work, 
which was in progress at the time when Watson's paper was published, a 
different experimental method is adopted and the apparatus developed carries 
the same conclusion as he obtained, but to twenty times the sensitiveness 
which he ascribed to his results. 

Description of Apparatus. 

Optical System. —Fig. 1 is a general plan of the apparatus, being a horizontal 
section through the gaps of the magnets C, D and E. Light from the source 
L falls on the hemi-cylindrical lens p , and then on to the first mirror A of the 
refractometer. Here, by reflection at the back and front surfaces of A the 

* ‘ Proo. Roy. Soo.’ A., vol. 126, p. 345 (1929). 
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light is divided into two rays 1 and 2, shown by the dotted lines. Of these 
rays 1 passes through the strong field in the gaps, while the other ray 2 passes 
in front of the gaps in the weaker leakage field. The two rays then fall on the 
second mirror B where they are recombined by reflection at the back and front 
surfaces. Mirror B is capable of fine adjustment about vertical and horizontal 
axes, and when B is accurately parallel with A interference bands appear, and 
the image of these bands formed by the lens q is viewed with the microscope M, 
which has a scale in its eyepiece. M had a nominal magnification of some 


Buck foundation 5] 



0 10 20 30 40 SO 


Centimetres 
Fio. 1. 


sixty tunes, giving a distance of five scale divisions between adjacent black 
bands. 

On account of the fact that the ray which does not actually pass through the 
gap in the magnet poles still passes through the leakage fringing field, the 
arrangement was not ideal, but had points of convenience which outweighed 
for the time being its disadvantages. 

The mirrors were supported on marble slabs t , u, w , which were attached 

to wooden supports bolted to the heavy brick foundation «, 6, o t d. 

The source of light L was either a mercury vapour lamp or a frosted incan¬ 
descent lamp. The incandescent lamp was generally used for the actual 
observation as it gave somewhat clearer bands. The band system consists, 
in the case of the mercury vapour light, of many black bands, and with white 
light, of two black bands with 5 to 6 coloured bands of increasingly poor 
visibility ou each side of these black bands. As the black bands are more 
distinct and stand out well against the general bright background, one of 
them is chosen for observation. 

Along the length of the three magnets, the paths of both rays were enclosed 
in an air-tight casing r, fig. 1. This air-tight system was closed at each end 
by optically plane parallel faced glass plates (the compensating glasses from 
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an ordinary Jamin interferometer) mounted in heavy lead blocks e and/, fig. 1. 
These blocks were connected to the remainder of the vacuum system on the 
magnets by means of short flexible rubber tubes, in order to avoid all possibility 
of movements of the magnets or pole pieces distorting the glass plates, and thus 
causing spurious band movements. In order to prevent air currents in the 
remaining unenclosed parts of the ray paths from causing stray movements of 
the bands, these parts were enclosed in sheet brass boxes g and A, which were 
supported on the blocks e and /, and reached to within approximately 2 mm. 
of the faces of the mirrors. 

In order to prevent reflection of light at oblique incidence from the faces of 
the gaps as far as possible, these surfaces were lampblacked, as were other 
internal surfaces. 

By tests with a Nicol prism the light was found to be very largely polarised 
in a vertical plane, although with the Nicol set for minimum brightness, the 
bands were still faintly visible. 

Sensitivity .—The band movement caused by a relative change in velocity 
of the two rays 1 and 2 is given by 

Vi — t; a _nX 

Vl l ’ 

where 

v l is the velocity in one path, 
is the velocity in the other, 

X is the wave-length of the light used, 
l is the length of one path, 

n is the number of bands which pass a point in the field of view. 

For the purposes of the present calculation, l is taken as the total length of 
the magnetic field, which is 112*5 cm. 

Owing to the lack of sharpness of the bands the smallest value of n which 
can be observed with certainty is about 0*1. 

Taking X as 5460*742 X 10” 8 cm. we find from the above values, 


this being the smallest relative change in velocity which will give an observable 
shift of the bands, and corresponding to a change in velocity of 14 metres per 
second. 

Magnets .—The field is produced by three electro-magnets C, D and B, 
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through the gape of which ray 2 passes. Figs. 2 and 3 give respectively front 
and end elevations of magnet C, which may be taken as typical. 



0 5 K) 15 20 IS 

‘ . -_i t _ / 

Centimetres 


Fig. 2. Fig. 3. 

The magnetic circuit consists of three mild-steel slabs, F, G and H, bolted 
together as shown, fig. 3, the wrought iron pole pieces, one of which is lettered 
a, bj c , d , and the air-gap which is J-inch wide. The windings are shown cross- 
hatched in figs. 1 and 3 and at K and L in fig. 2. In order to prevent the attrac¬ 
tive forces across the gap from causing movements of the poles, brass bars o, figs. 
1 and 3, which are shown diagonally hatched, were let into the pole pieces, and 
screwed to them. The pole pieces of D were braced m a slightly different 
manner. This bracing reduced the movements of the poles to less than 0*001 mm 
Measurement of Field *—In order to provide access to the gap lor the insertion 
of a fluxmeter search-coil, to obtain field measurements after the apparatus 
had been set up, tubes i , j t l y m y n, fig. 1, were soldered into the brass casting 
r. The field in, and just outside the gap m the path of ray 1, was measured 
at each tube, and the mean effective field calculated as follows. The values 
of the field in and outside the gap at each point assumed to remain constant 
throughout half the length of that magnet, and the difference between the 
fields at each point was assumed to be the effective field. Calling H t and H a 
the fields in and outside the gap at each point, and l the length of gap over 
which the field is assumed to be uniform, then H the mean effective field is 
given by 

si 


l = total length of all the magnets. 
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The value of H thus obtained, at the same current through the windings as 
was used in the actual experiment was 17,992 gauss. The leakage field was 
of the order of 3000 gauss. 

Current Supply. —Current was taken from the 230-volt D.C. main, applied 
directly to the magnet windings, all in series, without any additional resistance. 
The current thus obtained varied from 65 to 70 amperes, but as the iron of the 
magnets was not far from saturation with this current, the variation in current 
did not cause a very large variation in the field. In order to prevent sparking 
at the switch due to the inductance of the windings, two IaTge electrolytic 
rectifiers in series were connected across the ends of the magnet windings and 
also the switch used had both carbon and metallic contacts, so arranged that 
the arc formed took place between the carbon contacts. 

The sense of the windings was so arranged that there was only one polarity 
at the top and likewise at the bottom. 

Although as far as the field was concerned a narrower gap would have been 
desirable, it was found that a gap much below 3 mm. caused a serious blurring 
of the bands, which increased the minimum shift which could be observed. 
The 3 mm. gap had scarcely any effect on the appearance of the bands. 

Vacuum. —Each gap was enclosed behind and in front, along its entire length 
with an airtight brass casing screwed and soldered to the pole pieces. The 
front casing was a brass casting r, figs. 1, 2 and 3, projecting sufficiently from 
the front of the pole pieces to accommodate the ray 1 within the enclosure. 
The endB of each casing were closed with brass plates into which were soldered 
brass tubes, shown by the two circles in fig. 3, the axis of one tube being along 
the centre-line of the gaps, and that of the other along the axis of ray 1. Such 
tubes can be Been at s and t in figs. 1 and 2. The tubes of adjacent magnets 
and corresponding tubes on the blocks e and t were joined with rubber tubing, 
thus making the whole enclosure a continuous system. 

The apparatus was evacuated by means of charcoal in liquid air, and a 
mercury condensation pump backed by a Hyvac pump. The charcoal tubes 
were connected to the apparatus by glass tubes through rubber corks in the 
tubes j, k and n. The condensation pump was connected by means of a wide 
bore rubber tube to the tube x at the left-hand end of the casing on magnet C. 
In order to follow the progress of the evacuation a discharge tube was attached 
to the front casing of magnet E, between m and n. The procedure during 
exhaustion was to bake out the three charcoal tubes in electric furnaces at 
about 400° C. with the Hyvac pump running, and after the tubes had cooled 
sufficiently they were immersed in liquid air. After some 20 minutes the 
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pressure was down to a point where a bright green coloured shimmer appeared 
on the walls of the discharge tube, and little or no glow inside (t.e., about soft 
X-ray condition). Subsequent calibration with a MacLeod gauge showed this 
appearance to correspond to a pressure of approximately 0*005 mm., although 
the pressure from experiment to experiment varied a little. 

Foundation and Supports .—All the apparatus with the exception of the 
source of light was mounted on the brick and concrete foundation shown 
in fig. 1, and in Plate 13. This foundation was 102*5 cm. high, and its other 
dimensions as in fig. 1. The magnets were supported on adjustable brass legs, 
e,/, K fig* 2, which rested in brass cups. The height and level of each magnet 
could thus be varied to bring the gaps into line. 

The tables supporting the mirrors and microscope were supported on wooden 
frameworks bolted to the ends of the brick foundation. 

In order to prevent lateral movements of the magnets as far as possible, iron 
straps were bolted across between adjacent pole pieces at top and bottom, as 
in the photograph, Plate 13. 

The source of light L was supported on a separate stand, which did not touch 
the table supporting A at any point. 

The entire apparatus excepting the switch and rectifiers was enclosed m a 
wooden framework over which was stretched black cloth, the enclosure being 
large enough to accommodate an observer who could thus take readings of 
the bands m comparative darkness, without being dazzled by the arc formed 
on opening the switch. 

The photograph corresponds almost to an elevation view of fig. I. The 
mercury vapour lamp is on its stand at the left, and the three liquid air con¬ 
tainers are in place enclosing the charcoal tubes The mercury condensation 
pump and backing pump can be seen on the floor at the base of the brickwork. 
One of the cloth sides of the enclosure has been removed m order to obtain the 
photograph. The T-shaped discharge tube can be seen standing up from the 
casing of E immediately above the third liquid air container from the left. 

Spurious Effects. -A very small movement of the tables supporting the 
mirrors was sufficient to cause an appreciable movement of the bands, and it 
was necessary to ensure that no mechanical effect due to the field caused such 
a movement. These effects may be divided into :— 

(a) movements of the magnetB and windings due to stray fields ; and 

(b) forces acting on iron parts of the mirror supports and tables due to the 

stray field. 
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Effects due to (a) were avoided as far as possible by taking care that no 
direct mechanical connection existed between parts of the magnet system and 
the tables supporting the mirrors. Some vibration of the magnets took place 
on breaking the circuit, and this was transmitted via the foundation to the 
mirrors causing the bands to dither slightly and become blurred, and as this 
could not readily be prevented, its effect on the observations was eliminated 
by either entirely ignoring movements at the opening of the circuit, or by 
noting whether the bands settled in a new position after the disturbance had 
died away. 

Effects due to (6) were avoided by using only brass and lead for the metal 
parts associated with the tables, and replacing all steel parts in the mirror 
mountings by brass. 

There is a possibility that magneto-strictive effects in the small quantity 
of residual oxygen in the apparatus may cause a sufficient difference of 
pressure of this gas In*tween the paths of the two rays to shift the bands, 
but calculation shows that even with oxygen at atmospheric pressure, the 
effect would be less than one-fifth of the smallest observable band move¬ 
ment. 

Methods of Observation .—When the highest possible vacuum had been reached, 
the edge of one black band was lined up with a graduation in the eyepiece scale 
of the microscope, and the observer signalled to an assistant at the switch. 
The switch was kept closed for about 5 seconds, this being sufficient tune for 
the current to approach its final value. With observations lasting as long as 
this it was possible to take ten to twelve readings before the windings became 
very warm. 

As it was evident from preliminary experiments that the effect would be 
very small, it was felt desirable to secure a number of independent readings by 
separate trained observers. Several others in addition to three observers 
who had done special work with the bands, were given two to three readings 
each, and these results were later tabulated. Owing to the blurred nature of 
the bands and the extreme smallness of the movement, previous knowledge 
of the direction of movement to be expected might influence tho decision of an 
observer, and for this reason none of the observers was told the decisions of the 
others until the experiment was finished. 

Nine observers took independent readings, in three separate experiments, 
attention being directed to the behaviour of the bands on closing the circuit: 
altogether 19 observations were obtained in this way. Of the 19 readings 
8 implied an increase in velocity of the ray through the gaps with the field on, 
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5 a decrease, 4 no effect, and 2 were doubtful. All agreed that the movement, 
if any, was very small. 

The effect is evidently smaller than the minimum observable accurately 
with the present apparatus, and the conclusion that can be drawn is that whilst 
there is a possibility of an increase in velocity such apparent increase may be 
spurious. 

Subsequent readings taken with a Nicol prism between p and A, set for 
either maximum or minimum brightness, showed no alteration either in the 
brightness or position of the bands, when the current was switched on. Thus 
whether the direction of vibration of the light is in or at right angles to the 
direction of the field, makes no difference to the effect. 

Conclusion. 

The result of the investigation is then that in a transverse magnetic field 
of effective value 17,992 gauss, the change in velocity of light in vacuo is less 
than one part in 2 X 10 7 , or about 14 metres per second. 

Summary. 

An experimental attempt to find an alteration in velocity of light m a 
transverse magnetic field is described. The sensitivity of the apparatus is 
considerably greater than that reached by previous experimenters, whose 
work has been available to the Authors, but a null result is found. An 
interference method was used, one of the two rays from the first mirror of a 
Jamin refractometer being passed through a strong magnetic field m the 
gaps of three electromagnets, while the other ray passed through a weaker 
field. The two rays were recombined at a second mirror and the resulting 
bands viewed with a microscope lens combination. Any relative change in 
the velocities of the two rays would be observed as a movement of the 
bands. The path along which the rays travelled was exhausted by means 
of coconut charcoal and liquid air to a pressure of *005 mm. of mercury 
during the experiment. The average field strength difference between the 
two-ray paths was 17*992 Gauss, while the optical system was capable of 
detecting a relative change in velocity of 1 part in 2 x 10 7 . 
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The Growth of Waves on Water due to the Actum of the Wind . 

By the late Sir Thomas Stanton, F.R.S., and Dorothy Marshall and 

R, Houghton.* 

(Communicated by Sir Joseph Petavel, F.R S.—Received April 15, 1932.) 
[Plates 14 and 15.] 


The behaviour of the surface of water over which a wind is blowing was 
considered mathematically by Kelvin.f Assuming the air and the water to 
be perfect liquids moving irrotationally, he found that the motion is governed 
by the following relation between U' the velocity of the wind relative to the 
water, X the wave-length and c the wave-velocity. 


c* = Sh P-P' + 2 * T _££_ TJ'2 

2n p + p' (p -f p') X (p + p')* 


( 1 ) 


where p, p' are the densities of the water and air respectively and T is the surface 
tension of the water-air boundary. In any actual case the air will not be 
moving irrotationally; also, it is difficult to specify what is to be considered 
as the velocity of the air, owing to the considerable velocity gradient which 
exists near any fixed boundary, so that the equation (1) cannot be confirmed 
experimentally 

The behaviour of the surface of water to which any given pressure distribu¬ 
tion is applied can be calculated, but it is not at present possible to calculate 
the pressures which will be exerted on the water by a turbulent air stream; 
without this step it is not possible to discuss completely the growth of waves 
formed by a wind. The work described in the present paper is an attempt 
to provide some* of the experimental data required for the consideration of this 
problem. 

The work may conveniently be divided into two parts 

(1) An examination of the behaviour of a water surface over which a wind 

is blowing. 

(2) The measurement of the distribution of normal pressure on the surface 
of a wooden model of a train of waves over which a wind is blowing 

* The investigation described in the present paper was initiated by, and oarried out 
under the supervision of, the late Sir Thomas Stanton, at the time of whose death the 
experimental work was practically completed. The paper has been prepared by the 
other authors. 

t “ Baltimore Lectures,*’ p. 590 ; * Phil. Mag.,’ vol. 42, p. 368 (1871). 
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Part 1. 

These experiments were carried out in a horizontal tunnel about 60 feet 
long and 12 inches by 12 inches cross section. The tunnel was filled with water 
to a depth of 6 inches, the water being retamed by sloping beaches at the ends 
of the tunnel. The inlet and outlet of the tunnel are so shaped that the air 
stream enters and leaves the tunnel in a direction parallel to the water surface. 
Two sets of glass windows are fitted in the walls of the tunnel at distances of 
about 16 feet and 41 feet from the inlet end ; through these the behaviour of 
the water surface can be observed. 

The velocity of the air stream was measured by means of a pitot-static tube 
placed at the centre of the 7 inches by 12 inches space above the water. The 
length and frequency of the waves were estimated by several methods 

It was found that, when a beam of light was passed through the surface of 
the water from below, a pattern, of which photographs could be taken, was 
formed on a translucent screen placed above the tunnel, from these photo¬ 
graphs, two of which are shown in figs land 2, Plate 14, it is possible to estimate 
the length of the waves. The length of those waves which were too long to be 
included in the field of the camera was estimated by adjusting the distance 
between two small cork floats until the rod joining them rose and fell without 
pitching ; the distance between the floats is then approximately equal to the 
wave-length. The results obtained by this method are in fair agreement with 
those obtained photographically. 

The frequency of the waves was measured by observing the wave profile 
through a stroboscope. Although successive waves differed from one another, 
it was possible to obtain an approximately stationary image, and from this 
an approximate estimate of the wave-length could be made. 

It was subsequently decided to record the wave-length and wave-velocity 
simultaneously by takmg a cmematographic record of the pattern on the 
translucent screen. Short lengths of two of the records are shown in figs. 3 
and 4, Plate 15. 

Through each set of windows observations were made at various wind speeds, 
the results obtained by the several methods are recorded in Tables I and II 
and figs. 5 and 6. Although some individual values are rather widely scattered, 
it is possible to deduce relations between the wind speed and the wave-length 
or the wave-frequency, from which a relation between wave-length and wave- 
velocity can be calculated. This relation is shown in fig. 7 ; in this figure the 
relation found hv Kelvin ir aIro flhown. 
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One set of observations was made to determine the ratio height/wave-length, 
but owing to the large differences between successive waves no great accuracy 
waB expected. It was found that the ratio lay between 0*12 and 0*2. Only 
a small range of wave-lengths (15-35 cm.) was examined; within this range, 
there was a tendency for the longer waves to have greater values of the ratio. 


Table I.—Observations taken 15 feet from inlet. 


Wind speed 
(cm./sec.). 

Wave-length 

(cm.). 

Wave-frequency 
(per sec.). 

Wave-velocity 
(om./eec.). 


446 

o 6| 



■ 

600 

8 6 

— 

— 


730 

10 9 

— 

— 

* 

860 

14 6 

— 

— 


410 

5 

6 9 

— 


423 

5 

6 ft 

— 


446 

5 5 

6 1 

_ 


483 

6 

6-2 

—- 


520 

6 

5 9 

.— 


643 

7 

5 6 



603 

8 

4 8 

— 


638 

9 

4 7 

- 

► 

645 

9 

4 6 

— 


692 

9 

4 2 

— 


720 

10 

4 0 

— 


755 

10 

4 3 

- 


790 

13 

3 ft 

— 


802 

12 

3 8 

— 


855 

13 

3 5 

— 


625 

10 

* 

— 

< 

715 

11 

-- 

— 

> 

835 

14 

— 

— 


476 

7-0 


32 

< 

575 

S 3 


40 


610 

9*0 

— 

39 

> 

615 

10 2 


4ft 


865 

13 0 

— 

1 45 

1 

- 


Method of 
observation. 


> Plate oamera. 


Stroboscope. 


> Floats. 


i Cinematograph 


The minimum velocity of the wind required to cause the formation of waves 
has been observed, although, as has been pomted out, the value obtained will 
depend to a great extent on the conditions of the experiment. At a wind speed 
of about 200 cm./sec. the surface of the water was covered with ripples, about 
3 cm. long, which did not grow very noticeably as they travelled down-wind ; 
from their siae it can be deduced that they are governed chiefly by capillarity. 
True gravity waves were first formed when the wind speed, measured at the 
centre of the space above the water about 41 feet from the inlet, reached about 
260 cm./sec. These waves had, at the observation window 41 feet from the 
inlet, a length of about 6 cm. 
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Table II.—Observations taken 41 feet from inlet. 


Wind speed Wave-length Wave-frequency Wave-velocity Method of 

(om./sec.). (cm.). (perseo.). (om./seo.). observation. 


226 

243 

266 

306 

324 

333 

306 

382 

387 

416 

436 

447 

466 

614 

616 

676 

623 

676 

740 

767 

606 

626 

670 

600 

636 

666 

716 

300 

332 

400 

462 

628 



Was* Length n art 

Fia. 6.—Observed variation of wave-length with wind speed. 
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Fig. 6.— Obwived variation of wave-frequenoy with wind speed. 



Fig. 7.—The figure against each observed point is the wind speed in oentimetres per 
second on the axis of the air space ; that is, 9 cm. above the mean water level. 

— Calculated from Kelvin’s theory. 

• Mean of observations 15 feet from inlet, 
x Mean of observations 41 feet from inlet. 




288 Sir Thomas Stanton, D. Marshall and R. Houghton. 


Part 2. 

For the measurement of the pressure distribution on the surface of a train 
of waves, the water was removed from the tunnel and a wooden model sub¬ 
stituted for it. The model was placed so that its mean depth was the same as 
that of the water in Part 1. The profile of the working length of the model 
was a series of 27 simple harmonic waves, the height of which increased uni¬ 
formly down-wind. The ratio height/wave-length was 0 • 20 fl for all the waves ; 
the length of the first (that at the up-wind end) was 5 ■ 1 cm. and of the 27th 
was 21*6 cm. The normal pressure was measured at two sets of points, on 
the surface of the 10th and 27th waves. It is convenient to express the results 
of the pressure measurements by means of the non-dimensional quantity 
p/pU 2 , where p is the difference between the normal pressure at a point on the 
surface of the model and the static pressure m the air stream and £pU a is the 
velocity head of the air stream at the centre of the space above the model; 
U is thus the maximum velocity of the air. The results of these measurements 
in the 12-inch tunnel are given in Table III and fig. 8. 


Table III.—Values of pf pU 2 on the surface of model waves. The wave profile 
is given by £ = a cos 2nx/\. 


lOth wave. 


27th wave 


a in cm. 
A in cm. 


I li 
108 


2*2 
21 6 




pU* in dynes/cm. 2 

U m om./sec. 

128 

j 326 

273 

470 

135 

330 

408 

580 

2wx/ A in degrees 

324 

+0 014 

+0*006 

-0 076 

-0 078 

0 crest 

-0 030 

-0 032 

-0 119 

-0 230 

36 

-0 010 

-0 013 

-0 065 

-0 125 

72 

-0 006 

-0 004 

-0 018 

-0 022 

108 

-0 005 

— 

-0*012 

-0 005 

144 

-0 004 

-0 001 

-0 006 

+0 005 

180 trough 

0 000 

— 

+0 004 

+0 029 

216 

+0 007 

4-0 016 

+0*035 

+0 067 

252 

+0 027 

+0*042 

+0*082 

+0*137 

288 

+0 060 

+0 076 

+0*077 

+0*101 

324 

+0 007 

+0 024 

-0 025 

-0 078 

0 crest 

-0 036 

-0 040 

-0 141 

-0*267 

36 

-0 014 

-0 012 

-0 065 

—0*113 


These values have been corrected for the pressure gradient in the tunnel 
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Since the height of these waves was not very small compared with that of 
the air stream above them, it was decided to construct models by which this 
condition would be satisfied. Two models were fitted in a wind tunnel of 
3 feet square cross section. Each of these was of the form of a senes of simple 




Fio. 8.—Distribution of normal pressure on the surfaoe of model waves The wave 
profile is given by £ a cos 2kx/X. 

A (above). 10th wave a -= 1 • l t om., B (below). 27th wave a =■ 2-2, cm., 

X 10*8 cm. X - 21 6 cm. 

0 U — 325 om./sec. • U — 330 cm./sec. 

AU - 470 om./sec. □ U 580 cm./sec. 

harmonic waves of uniform height, the ratio height/wave-length was 0*4, 
the wave-lengths being 7*6 a cm. and 2*6 cm. 

The 7 *6 a model extended the whole length of the tunnel; the inlet flare was 
modified so that there was no sudden contraction of the air stream duo to the 
presence of the model, the mean height of which was 1 inch. At one wind 
speed, two sets of pressure measurements were made, at 40 and 80 wave¬ 
lengths from the commencement of the uniform series; since these two sets 
were in good agreement with one another, the pressure distribution at other 
speeds and on the 2*6 cm. model was examined at one place only. In order 
to investigate the effect of very small irregularities in the surface, such as tool 
marks the portion of the model containing the observation holes was reversed 
and the observations repeated; it was found that the effect of this reversal 
on the pressure distribution was small. 
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The 2*6 cm. model extended down-wind from the mouth of the tunnel and 
the pressure measurements on it were made at 122 wave-lengths from the 
beginning of the uniform scrips. In order to investigate the effect of small 
changes in the ratio height/wave-length, a set of six waves was removed from 
the model and a set of the same wave-length but having a ratio of 0*44 was 
inserted in their place ; the pressure distribution on the surface of these waves 
was examined. 

The results of the measurements in the 3-foot tunnel are given m Tables IV 
and V , those on the 7*6 a cm. model are also shown graphically in fig. 9. 


Table IV —Values of pj pU 2 on the surface of a corrugated sheet. The profile 
of the corrugations is given by £ — a cos 2nx/\. a = l*5 2 cm. 
X = 7*6 2 cm. 


pU*m dynes/cm 1 

U in om./aec 

Distance from inlet 

2425 

1410 

40 A 

2500 

1425 

80 A 

2350 

1390 

80 A 

266 

465 

80 A 

2 nx/ A in degree# 

270 

+0 004 

! +0 006 


+0 007 

285 

+0 010, 

+0 013 

— 

+0 016 

300 

+0 022 

+0 024, 

— 

- - 

315 

|-0 025 

f0 027 

— 

f O 028, 

330 

f0 012, 

+0 013 

10 013 

-- 

345 

-0 010 

-0 008, 

0 009, 

— 

360 crest 

- 0 018 

-0 017 

-0 019, 

-0 012 

15 

-0 013 

-0 013 

- 0 012, 

-0 006 

30 

-0 010 

-0 009 

-0 011 

— 

(46) 

— 

— 

-0 009 

— 

60 

-0 007 

-0 006, 

- 0 008 

-0 003, 

(75) 

— 

— 

-0 009 

— 

90 

-0 010 

-0 009, 

-0*011 

— 

120 

-0 010, 

-0 Oil, 

- 0 012, 

-0*004, 

150 

-0 002, 

-0 002 

0 004 

+0 001 

180 trough 

0 000 

0 000 

0*000 

0 000 

210 

-0 004, 

-0 005 

-0 005 

-0*008 

240 

-0 010 

-0 009, 

-0 Oil, 

-0*011 

270 

f0 004, 

f-0 002 

-0 001, 

4-0*002, 

285 

t-0 016, 

+0 014 

— 

— 

300 

f 0 026 

+0 026 

+0 025 

— 

315 

+0 026 

}-0 026 

— 

f 0*027 

330 

fO 008 

+0 009 

| 0 012, 

— 

346 

0 Oil, 

-0 Oil, 

-0 015 

— 

360 creet 

-0 020 

-0 020 

- 0 023 

-0 012 

15 

-0*013, 

-0 013, 

-0 015 

— 

30 

-0 010, 

-0 011 

-0 013, 

— 

(46) 

- . 

— 

-0*011, 

— 

(00) 

- 

* 

-0 011 

— 

(76) 

— 


- 0 012, 

— 

(90) 


~ * 

-0 013 



These value# have not been corrected for the preuure gradient in the tunnel, which wm about 
0*001 pU 1 per wave-length. 
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Table V.—Values of p/pU 2 on the surface of a corrugated sheet. The profile 
of the corrugations is given by £ = a cos 2 nxj X. X = 2 • 6 cm. Distance 
from inlet — 122 X. 


a cm. 

/>U 2 in dynes/cm J 

U in cm /sec 

0 51 

2370 

1390 

0 56 

2400 

1400 

2-nxj X in degrees 

270 

+ 0 010 

+ 0 007 

315 

+0 024 

f 0 028 a 

JhO irent 

-0 002 

-0 002 a 

45 

ft) 005 

+0 002 

00 

+0 002 

+0 001 

135 

f 0 003 

\ 0 004 

180 trough 

H 0 003 6 

+0 004 

225 

4-0 003 a 

f0 001. 

270 

I 0 009 a 

t 0 004 

315 

+ 0 027 

-40 024 

360 troHt 

0 003 a 

0 002 h 

45 

i 1 0 003 

{ O 00l a 

90 

| O 000 

1 

O 000 


These values have not btcn eorret ted for the pressure gradient in the tunnel, which wan Iom 
than 0 000 a pU 3 per wave-longlh 



Fio. 9.—Distribution of normal pressure on the surface of model waves. The wave 
profile is given by £ = a cos 27 tj?/X a — 1 -5, cm., X — 7*6, cm. 

0 Readings taken at 40 X from inlet 5 

+ „ >, 80 X „ VU — 1400 om./sec. 

X „ ft 80 X fp with model reversed J 

Q „ „ 80 X „ U — 465 cm./sec. 

Since it is approximately true that the growth of any wave is affected only 
by a pressure distribution of the same periodicity, it is interesting to resolve 
these observed pressure distributions into their harmonic components. Two 
of the sets of observations recorded m Table III have been analysed ; the 
mean of the observations at about 1400 cm /sec. given in Table IV has also 


VOL* oxxxvn,— a, 


X 
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been analysed. The results of these analyses are given in Table VI. The 
largo second harmonics will cause the wave profile to depart from a simple 
harmonic curve. 

Table VI.—Harmonic Analysis of Pressure Distribution. Wave profile given 
by £ — a cos 0, that is 0 “ 2 tw/X. 

A.*—Models in 12-inch tunnel — 

Moan depth of air stream, 18 cm 


1. A — 10 8 cm. o = l uu. 

U = 325 cm /hoc. 


p/pU* = f 0 006 - 0 000 cos e 
— 0 023 am 0 

— 0 020 cos 20 

— 0 005 sin 20 

— 0 010 cob 30 
f- 0 005 sin 30 

2 A - 10 8 cm o - 1 li cm 

U = 470 cm /hoc 


p/pU* = + 0 011 - 0 007 cos e 
-0 003 con 40 
- 0 030sin 0 
-I- 0 005 sin 40 

— 0 024 com 20 

- 0 007 sin 20 

— 0 012 cob 30 

H- 0 007 sin 30 

3 A = 21 0 t in a — 2 2 , i m 

U — 330 nn /sec 


p/pl> - 0 007 - 0 053 < oh 0 

- 0 043 sin 0 

— 0 051 cos 20 
i- 0 001 sin 20 

— 0 013 cob 30 
f 0 008 biii 30 

4 A - 21 0 (in. a 2 2 , cm 

IT „ 580 cm /hoc 


p/pU a - - 0 012 - 0 102 cos 0 

0 002 mii 0 

-0 085 cos 20 
f 0 000 sin 20 

0 030 coh 30 
4-0 011 Bin 30 

-Model in 3 -foot tunnel — 



Mean depth of air stream, 89 cm 



5 . A - 7 0 , cm a — 1 5, cm 

p/pU* ^ - 0 003 I- 0 001 cos 0 

— 0 003 cos 40 

— 0 008 Bin 0 

U — 1400 cm ./hoc 
-0 002 , cob 20 

-0 008sin 20 

— 0 009cos 30 


It appears from fig. 7 that the mathematical relation between wave-length 
and wave-velocity on the free surface of a perfect liquid is, to a first approxi¬ 
mation, valid even m the presence of a wind. This is m agreement with the 
pressure observations, the observed pressures being much less than those 
required to cause the water to behave m accordance with equation (1). For 
example, supposing the behaviour of the liquids to be as postulated by Kelvin, 
the maximum pressure or suction on the surface of the water is given by 
p/pU a ~ 2ir«/X ; for the wave considered in the last column of Table III we 
have 2?ca/X — 0*66, but the maximum observed value of p/pU a is 0-27. 

The theory considers only the stability of the water surface and gives no 
account of the rate of growth of the waves ; the present experiments confirm 
the result of common observation, that the size of the waves formed, by a wind 
of any given speed, is a function of the distance from the shore ; this function 
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cannot, however, be determined from these experiments since observations 
were taken at two places only. 

Summary. 

It is possible to calculate the behaviour of the surface of a liquid to which a 
given pressure distribution is applied ; it is not, however, possible to calculate 
the pressure exerted by a natural wind on the surface of waves, except by making 
certain assumptions which are known to be invalid. The work described in 
the present paper furnishes some of the experimental data required for further 
investigation of the growth of waves due to the action of the wind. 

The experiments have been devoted to :— 

(1) An examination of the behaviour of a water surface over which a wind is 
blowing 

(2) The measurement of the distribution of normal pressure exerted by the 
wind on the surface of models of the waves. 

The experiments wore earned out in a 12-inch wind tunnel filled with water 
to a depth of 12-7 cm (5 inches), the speed of the wind was between 300 and 
800 cm /sec , the waves formed were, m some experiments, as long as 35 cm 

It was found that the relation between wave-length and wave-velocity 
was approximately that found mathematically by supposing the water to bo a 
perfect fluid moving irrotationally, the motion of the air being neglected. The 
pressure distribution on the surface of the model waves was remarkable for the 
large second harmonics ; these will cause the profile of waves formed on water 
to vary considerably from a simple harmonic curve. 
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Argon and Amorphous Carbon i 15° to 710° C. 

By Morris W. Travers, F.R.S. 

(Received May 19, 1932.) 

In a previous paper, Broom and the author* have shown that the process by 
which equilibrium is reached between the oxides of carbon, methane, and 
hydrogen, on the one hand, and amorphous carbon on the other, at tempera¬ 
tures above 700° C. is essentially chemical in character. In the case of methane, 
some experiments were carried out at lower temperatures, and these appeared 
to indicate that, while the gas was still absorbed rapidly, it could be recovered 
reversibly, suggesting that the mechanism of absorption was distinct from that 
by winch the chemical equilibrium was finally established. This observation 
led to the following experiments on argon, which is not supposed to be taken 
up by carbon at moderately high temperatures. 

As in the former experiments, the principle of allowing the gas to remain for 
several days in contact with the carbon was adhered to ; for though the rate 
of absorption was at first rapid at all temperatures, the time taken for equili¬ 
brium to be established increased as the temperature fell, and ultimately 
became so long that it was impossible to obtain results of any value in a 
reasonable time A good deal of the published work on adsorption of gases 
seems to be vitiated by the fact that the experiments have been too hurried. 

Atmospheric argon was liquefied, and the first and last fractions were rejected. 
The middle fraction was mixed with oxygen, and sparked'f over potash. The 
gas was transferred by means of a gas burette; and the Topler pump to a clean 
tube. The oxygen was removed by means of phosphorus, the gas being again 
transferred to a clean tube by the same method The apparatus used in the 
experiments was that already described and illustrated ( loc . cii n p. 315). 

The reaction bulb contained 19*8 grams of the coconut shell carbon used in 
the previous experiments, and in these experiments the material was not 
heated to above 750°. A measured quantity of argon was introduced into the 
apparatus, and the pressure was adjusted in the manner described elsewhere. 

♦ ‘ Proc. Roy. Soc.,' A, vol. 135, p. 512 (1932). 

t Lord Rayleigh's method is much more certain and satisfactory than any method 
involving the passing of the gas over heated reagents. It is most easily carried out by 
using an induction with the commutator out of action, and alternating current of 3 or 4 
amperes at 220 volts from town's service through the primary circuit. An arc can be 
maintained between platinum points in the gas for many hours without attention. 
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When equilibrium was established, usually after 2 or 3 days, a sample of gas 
was taken from the apparatus, and, after measuring its volume, it was purified 
by sparking with oxygen and again measured, so as to obtain data for the 
calculation of the true partial pressure of the argon in contact with the carbon. 
The temperature of the apparatus was then raised to 750°, and exhaustion was 
continued overnight, the gas collected being purified by sparking, and after¬ 
wards measured The sum of the two quantities of argon collected, less the 
volume of gas in the bulb, calculated from the partial pressure of the argon, the 
volume and temperature of the bulb, and the volume and temperature of the 
stem and dead space, gave the volume absorbed by the charcoal. It was 
observed that there was always a small loss of argon, due to leakage through 
the silica. 

As was not unexpected, since the same result was obtained by observers at 
other temperatures, it was found that the isotherms for argon on charcoal were 
linear.* This result A\as obtained from two separate groups of experiments 
which do not belong to the geneial senes, as the charcoal was subjected to 
subsequent treatment winch might have slightly altered its properties. In 
each separate experiment in these two gioups the whole series of operations 
described above was gone through The details are given in Table I. 


Table I 


1 

Experiment 

1 

Temperature 

ProBsure 

Gaa on carbon. 

(10° C.) 


°V 

mm 

C C 

A 1 i 

458 | 

171 7 

1 38 

A 2 

I 

343 0 

2 40 

A3 

1 

i 

1 

704 0 

5 21 

B 1 

301 I 

278 0 

2 52 

B 2 

1 

j 

518 0 

6 20 


The results of the series of experiments cart led out to determine the variation 
of the amount of argon adsorbed with temperature are given in Table II. 

The chief source of error, which affects all the results equally, lies in the 
difficulty in maintaining the temperature exactly constant over long periods. 
The results at the highest and lowest temperatures for the volumes of argon 
adsorbed are probably too low In the operation of sampling at the high 

* Peters and Weil, ‘ Z. phys. Chem./ A, vol. 148, p. 1, Bawn. 1 J. Amer. Ckem. Soo.,’ 
vol. 64, p. 72 (1932). 
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Table II. 


Experiment. 

Temperature. 

Pressure. 

i 

Gas on carbon 
(10° C.) 

Gas on carbor 
760 mm. (10° 

i 

°C. 

mm 

C 0 

c c. 

C 

607 

864 0 

2-60 

2-28 

V 

707 

756 4 

1 43 

1 43 

E 

570 

723 

2 375 

2*495 

F 

678 

656 0 

1 47 

1 71 

G 

468 

558 3 

2 83 

3*85 

H 

525 

598 3 

2 21 ! 

2*81 

J 

208 

385 8 

7 51 ; 

14*8 

K 

288 

463 9 

5 80 

9*50 

L 

380 

563 4 

_i 

4 36 1 

5 88 


temperatures, while withdrawing the gas from the bulb, owing to the ease with 
which adsorption is reversed, argon may be remo\ed from the carbon. The 
calculated value of the partial pressure of tho argon, and consequently of the 
amount of argon m the gas phase is then too high, and the apparent quantity 
of gas on the carbon too low. At low temperatures it may be doubtful whether 
true equilibrium is really attained. In an experiment carried out at 15°, a 
volume of 32 c c. of gas was introduced into the apparatus. The pressure was 
observed daily for a period of 12 days, and the observations are recorded in 
Table III. 


Table 111. 


Days 

3 

5 

7 

9 

11 

Pressure (mm.) 

479 

465 

i ! 

4R5 

! j 

447 

441 


At the end of this period the charcoal had taken lip 3-7 c o of argon, equi¬ 
valent to 6-4 c.o. at 760 mm. This is very much less than the quantity taken 
up at 200° , but the experiment suggested that equihbrium would only be 
reached after a very long time, and that in the experiments of which the 
results are recorded in Table II, those at the lower temperatures may be 
slightly vitiated from a similar cause. The true form of the graph repre¬ 
senting the relationship d log V 760 /d! (1/T) may therefore be taken as practically 
linear, and that of the isobar over the greater part of the range of temperature 
300° to 700°, calculated fiom it, of the form shown m fig. 1 rather than of the 
more flattened form required to include the points representing the results at 
the highest and lowest temperatures 

The slope of the linear graph representing the relationship d log Vijd (i m 
is found to be 0*98 X 10 8 , so that the energy change in the adsorption pro¬ 
cess between 300° and 700° is 4500 calories per gram molecule, which is not 
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far from the approximate value 2000 calories to be expected for purely 
physical, or “ van der Waals,” adsorption. That the isotherms are at least 
approximately linear suggests that no condition of the surface, such as the 
existence of “ active points,” has anything to do with the phenomenon. 

It has been pointed out that though the initial rate of adsorption is rapid, 
the establishment of equilibrium is a relatively slow process. The same 
phenomenon was also observed in the cases of the absorption of active gases 
at higher temperatures. However, there is no indication in either case of more 
than one process being involved, much less do the experiments indicate that, 
at any temperature, the process is partly reversible and partly irreversible, as 



other authors have suggested However, the results give rise to the question— 
In experimental work with gases at low temperatures, is a state of true equili¬ 
brium ever arrived at ? 

Also, with reference to the work at high temperatures, it was observed that 
the temperature coefficient of the rate of absorption was generally very small 
(lac cit .). It was suggested that the phenomenon which was observed was a 
physical one, and that we were really measuring the rate of flow of the gas to¬ 
wards the surface. It is possible, however, that the process of absorption of such 
a compound as methane is similar to that of the absorption of argon ; but that 
equilibrium in the case of methane is due to chemical processes which take 
place on the surface. 

In conclusion, I wish to convey my thanks to Imperial Chemical Industries 
Limited, and to the University of Bristol Colston Research Society for assistance 
in carrying on the work. 
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The Intensities of Certain Nebular Lines and the Mean Lives of 
Atoms emitting them . 

By A. F. Stevenson, Department of Applied Mathematics, University of 

Toronto. 

(Communicated by R H Fowler, F R S —Received February 12, 1932 ) 

§1. Introduction . 

There are certain prominent lines in the spectra of the galactic nebulfie— 
in particular the “ nebuhum ” green lines, N r (X = 5007) and N a (X ■=- 4959), 
which dominate most nebular spectra—whose identification remained till 
recently a mystery f In 1927, however, Bowen proposed his now well-known 
hypothesis that such lines are due to transitions from metastable states in 
certain ions X The spectra involved are those of O III (which includes the 
lines N 1( N 2 ), N II, O II, SII. and O I § 

To explain the fact that such lines occur, although they are " forbidden ” 
transitions, Bowen postulated that there is a non zero, though relatively small, 
probability of transition between the states m question. The strength of such 
lines is then accounted for if we suppose there is a large concentration of ions 
in the initial states in question due to transitions from higher levels, and that, 
due to the very low density in the nebulae, such atoms remain undisturbed 
by collisions long enough for the radiation to become effective. The non¬ 
occurrence of such lines in the laboratory (except the 0 I lines observed by 
Hopfield, loc. ext ) is thus explained by our inability to reproduce such 
conditions. 

Although the agreement obtained lietween the calculated and observed 
wave-lengths is so close as to leave little room for doubt as to the substantial 
correctness of Bowen’s hypothesis, it is evidently desirable to have additional 
information concerning the theoretical intensities of such lines, and the mean 
lives of the atoms when in the initial states in question, and to see whether any 

t For a full account of nebular spectra in general, see Becker and Giotrian, 1 Krgebn. 
cxakt nnturwiss,' vol. 7, p 8 (1928). 

t Bowen, ‘ Nature,' vol. 120, p. 473 (1927), 1 Astrophys. J.,' vol. 07, p. 1 (1928), * Proc. 
Nat. Acad. Sou Wash.,* vol. 14, p. 30 (1928), 1 Nature,’ vol. 123, p. 450 (1929), A, 

Fowler, * Nature,’ vol. 120, pp. 582, 017 (1927) 

§ Paschen, * Naturwwa,’ vol 18, p. 752 (1930); Hopfield, ‘ Phys Rev vol. 37, p 1GQ 
(1931) 
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additional confirmation is thereby obtained. Preliminary calculations to this 
end have been made by Bartlett,f who, however, confined himself to calculating 
relative intensities only. His calculations, moreover, are incomplete, due to 
the approximations adopted, so that his results, though in the main con¬ 
firmatory of Bowen’s hypothesis, remain somewhat inconclusive. 

In this paper we make calculations of the intensities and mean lives for 0 III 
and Nil, which are the most important These calculations are complete if 
the contributions of double transitions to the intensity can be neglected, a 
neglect which cannot vet be tested It will be found that the relative intensities 
calculated here are in agreement with those observed in the nebulce as far as 
comparison is possible, and the result for the mean lives--which, it is hoped, 
are fairly accurate—furnishes interesting information concerning the physical 
conditions in the nebula 1 

The ordinary dipole term m the intensity vanishes of course for the lines in 
question, suite they are “ forbidden " transitions A possible explanation is 
that the transitions are due to the presence of ionic electric fields in the nebulae , 
but this explanation must be rejected, since such fields must be very weak on 
account of the low density, and, moreover, if such were the case, a broadening 
of the nebular Balmer lines should result, which is not observed % We shall 
follow Bartlett in ascribing the lines to quadripole radiation, taking into 
account the quadripole terms sufficient to ensure the non-vanishing of the 
intensities It may now be regarded as fairly definitely established that the 
occuirence of “forbidden ” lines—unless due to disturbing external fields of 
some kind— can usually be asi ribed to quadripole radiation (or possibly radia¬ 
tion of higher poles, though this does not yet seem to have arisen m practice). 
The hypothesis of quadripole radiation m relation to forbidden lines has been 
shown to be in satisfactory agreement with experiment m the case of the 
absorption spectra of the alkalis,§ the Zeeman effect m potassium,|| and the 
Zeeman effect in the auroral green line of 0 I.^f 

In the case of <) III and N II we have, effectively, a two-electron problem, 

t Bartlett, ‘ Phjs. Rev./ vol. 34, p. 1247 (1029) 

{ Becker and (Jrotnan, lor nt , p (ill if. also Huff and Houston, ‘ Phys ltev vol 
30, p. 842 (1930). 

$ Stevenson, ‘ Proc. Roy. Sue A, vol 128, p 591 (1930), Whiteluu and Stevenson, 

Nature,’vol 127, p 817(1931). 

|| Segrfe, ‘ Z. Physik/ vol. 00, p. 827 (1930) 

^ French# and Campbell, ‘ Phys Rev,’ vol. 30, p. 1400 (1931) For a summary 
of quadripole radiation in general, see Segr6, 1 Nuovo Cunonto,’ Anno VILL, N. 2 
(1931). 
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and our calculations arc based on the work of Gauntf on the triplets of helium, 
in which he also considered to some extent the present problem, and to which 
this paper is much indebted. Gaunt extended the Dirac wave-equation to the 
case of two electrons, but although his calculations gave a satisfactory account 
of the fine structure of He, it should be mentioned that subsequent work by 
Breit J has shown fairly conclusively that the form of thespm interaction energy 
adopted by Gaunt is incorrect. Breit gives a closer approximation for it, 
and also works with more accurate wave-functions, and succeeds in obtaining 
a better agreement with experiment for He than does Gaunt. The correct 
form of the Dirac wave-equation for more than one electron is not yet known— 
and, indeed, it is not yet certain whether the equation for a single electron is 
entirely correct. In the present instance, however, we cannot hope for great 
accuracy in the calculations m any case, and it appears that Gaunt’s methods, 
which entail less calculation than those of Breit, should be sufficient for our 
purpose. 

After giving the requisite formula for the intensity in § 2, the method of 
calculating the wave-funetions by a perturbation method is explained in 
§ 3 ; the perturbation theory used is similar to that of Gaunt, but somewhat 
more straightforward. In §§4, 5 we give the calculations for the wave- 
functions and intensities, and in § 6 the numerical values are given and dis¬ 
cussed with special reference to the nebula?. We summarise briefly the con¬ 
clusions m § 7. 

§ 2. Intensity of Quadripole Radiation . 

Following the method of Rubmowicz,§ it was shown m a previous paper 
(Zoc. cit , equation (3)) that the intensity of quadripole radiation, per unit 
solid angle, m the 2-direction, is 

J f 2 (S, + *B»)dT j 2 + j f 2 (H, -*S.) dx | 2 J . 

In this, the current density is taken as the real part of Se 2,UK ‘, where v is the 
frequency of the radiation, and the integrals are taken throughout space. 

Quantum-mechanically, in place of S we have, for a transition from state s 
to state t, a three-dimensional current density 

S„ e 2 ™*' + S* f< e- 2 " l V = 2R (S, t 

t ‘ Phil. Trans.,’ A, vol. 228, p. 151 (1929), referred to hereafter as “G.” Also ‘ Proo 
Boy. Soc.,’ A. vol 122, p 513 (1929). 

t Breit, ‘ Phys. Rev vol. 34, p. 553 (1020); vol. 36, p. 385 (1930). 

§ ‘ Phys. Zvol. 20, p. 817 (1928) j ‘ Z. Physik,’ vol. 53, p. 267 (1929). 



301 


Intensities of Certain Nebular Lines . 

where is the frequency of the emitted radiation, and S tt is the (s, t) element 
in the matrix for S in a Heisenberg “ co-ordinate system ” (representation); 
so that the intensity, for a transition s -> t, becomes"}* 

^ = ^1 ll*(S- + »8W* 2 +|[*(S«-<S,)iT| 2 J. (2.1) 

Now in a two-electron problem, the current density j is a six-dimensional 
vector, and 



etc , where 1 and 2 refer to the configuration spaces of the two electrons, so 
that 

f sS, (k = j (z, j,, + z 2 jx.) rfTj dT 2 , 
etc. Therefore (2.1) becomes, for a two-electron problem 

J.-I = j 11 [*i 0*. + ijv.) + ~2 (j„ + dr t 

+ j [*i (jr, — tj„,) + z„ (j*, — tjJ] di! dz 2 j | (2.2) 

On the Dirac theory, the components of j et (in the one-electron case) are 
given byj 

= (* = 1.2,8), (2.3) 

where the oc’s are certain matrices. The generalisation of this to the two- 
electron case is obtained without difficulty , but with the wave-functions used 
by Gaunt, this would give zero for all components. Gaunt’s approximations, 
however, amount essentially to using Sehrodinger’s wave-functions with spin 
factors attached, and it is evident that the same approximations will give the 
Schrodinger expressions for the current in place of (2.3). We therefore take§ 

i.< = 7 —— (+. vVt - ’■!'*< vW> 

t In the previous paper, the factor 4 was omitted; as, however, we were there con¬ 
cerned only with relative intensities, the results are unaffected. 

X Dirac, “ Principles of Quantum Mechanics,” p. 240. 

§ h (not 2 h !) denotes Planck's constant 
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where a summation over the spin co-ordinates is now included. Since 


|*idTj dt a = — J z^* t dz x dx t , 


etc., we have finally, from (2 2), for the intensity 


where 


and 


j *-m — Ts * * 1 ’ 

mA * 5 


r »i 


I"“ = j (^'I'.M*! + 2 2 '+'. & 2V*() dry df, 

— | Ti w> I 2 + 11* W) I*. say, 
a _ _lL 4- t • ft* — Jl 

* ~ ?T. “ ’ 1 ~ 


12 


tyk 


d_ _ t ?_ 
fok * tyk ' 


(*= 1 . 2 ). 


(2.4) 


(2.5) 


( 2 . 6 ) 


The integrals in I (an include summation over the spin-factors in the wave- 
functions. The problem now is to calculate the required approximations to 
the wave-functions. 

In all this theory, however, the possible contributions of double transitions 
to the quadripole radiation have been neglected. We shall have to be content 
here to evaluate the one type of contribution only; even this is a lengthy 
matter. More accurate discussions, including the effects of double transitions, 
have never yet been given so far as we know Even Bartlett’s work, in spite 
of its form, really proceeds from the fundamental equations of this section and 
discusses only the contributions of simple type. 


§ 3. Perturbation Theory 

In Gaunt’s theory we have to deal with systems whose energy levels are 
nearly equal m pairs—“ nearly degenerate systems " as Gaunt terms them— 
which necessitates a slight modification of the usual perturbation theory. 
We give a treatment which gives, of course, the same results as Gaunt's (G., 
§3), but which seems rather more simple and straightforward. 

Let the equation 

L (40 = 

have a number of eigenvalues E ro near some value E', say, 

^rn = E ' + 5E m (m = I, 2, p) 


(3.1) 
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with corresponding eigenfunctions ty m . We can allow for any of these states 
themselves being degenerate by supposing that some of the 8E ffl ’s are equal, 
while the corresponding ^ m ’s are linearly independent. 

Now consider a perturbed equation 

(L + V) + = E+, (3.2) 

where V is small and of the .same order of magnitude as the 8E W . We may now 
assume an expansion for the eigenfunctions of (3 2) of the form 

+ - S f Z , (3.3) 

m— 1 

where / is a series in terms of other eigen-^’s of (3.1) than those having eigen¬ 
values near E # ; on account of the 8E m ’s being small, we must consider the 
a m ’s to be of the same order of magnitude. Further, let the eigenvalues of 
(3 2) near E' be 

E = E' + c. 

Then the ordinary perturbation method gives the following set of equations 
for the coefficients a m in (3 3) 

i «rn [V m „ - (e - 8EJ1 - 0, (« = ],.., p), (3 4) 

m— I 

where 

V™. = jV^* B dT. 0. -= ||+„| a rfT 

and the integrals include a summation over the spin-factors where such are 
present. The zero-approximations to the wave-functions ^ are thus deter¬ 
mined, and the corresponding values of c are given as the roots of the deter- 
minantal equation 

I V m „ — 8 ra „0 m (e — 8EJ | — 0. (3.5) 

Suppose now that instead of using the ^ m ’s for the unperturbed wave- 
functions, we use a set of p independent orthogonal linear combinations of 
them, say, 

2 b„fy, (i = l (3.6) 

j-i 

Then the form of (3.4) and (3.5) will be altered owing to the presence of the 
8E m ’s. If we neglect the 8E m *s, it is known that (3.4) transform to others of 
the same form, say, 

2 a { [V' w — 8 I# O', cj — 0, (j-1. p) t 

t-i 


( 3 . 7 ) 
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whero 

V'„= £ b in b ln V mn . (3.8) 

m, n 

In our case, however, we have, from (3.4), V mn S wn C m SE m jn place of V mn . 
Hence, from (3 8), we must add to the V'^ in (3 7) the quantities 

S b tm b JH 5„„0„ 8E m = S b iJn b fm V, m SE M 

m, n m 

Thus (3.4) transform to 

s IT./ + 8E m ~ S„U>] = 0. 0 -» 1, . P), (3 9) 

i-l m-l 

and (3 5) transform to 

I V'„ + £ b, M b im C m SE m - 3*C> | -= 0. (3.10) 

m — 1 

This is the modification of the usual perturbation theory required ; it does not, 
unlike Gaunt's analysis, require the calculation of matrix elements of V other 
than the V',,. 

We now consider briefly another point arising in tho perturbation theory 
used in this paper. In Gaunt's work, the perturbation V consists of two parts 

V = P + S, 

where P S Now, m general, perturbative effects are “ additive ” only 
when the unperturbed system is non-degenerate , that is to say, if we first 
work out the first order change in the energy levels, and the zero-approxi¬ 
mations to the wave-functions, taking V = P, and then do the same thing for 
the system so obtained taking V = S, we shall not get the same results as if 
we took Y — P + S and performed this calculations in one step, unless the 
original system is non-degenerate. This may be seen easily by considering the 
equations (3 9) and (3.10) (whether or not the 8E m ’s are included makes, of 
course, no difference). If, however, P > S, the* perturbative effects are 
additive in the above sense, correct to 0(S/P). This can be proved formally 
from (3.9) and (3.10), but this is hardly necessary, since the statement is 
fairly obvious from physical considerations 
In the present case, the zero-approximations to the wave-functions have 
already been calculated by Gaunt for the perturbation P alone, and partly 
also for S alone. The method adopted here is therefore to use as the initial 
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wave-functions (ie., the of (3.6)) those which are correct zero-approxi¬ 
mations after perturbation by P alone and by S alone, and then to calculate 
the zero-approximations to the wave-functions to terms of order S/P by the 
method indicated above (it is necessary to include terms of order S/P in order 
to get non-vamshing intensities). This makes the calculation of the wave- 
functions very simple when the required matrix elements of S have been cal¬ 
culated ; some, but not all, of these have already been calculated by Gaunt. 
It may be mentioned that tins method gives very simply the relative intensity 
of ortho-para to para-para transitions m He (G., p 177) 


§ 4 Calculation of the Wave functions 

The states that are to be considered for the nebular lines are the lowest 
energy states of 0 H and N f , for which the electronic configuration is (Is) 2 
(2s) 2 (2/>) 2 , giving use to the terms (in ascending order of energy levels) 3 P 0j lt a ; 
H) a ; 1 S 0 . No transition is possible between these states foi dipole radiation 
by Laporte’s rule,t and wo therefore proceed on the assumption of quadripole 
radiation. 

We treat the problem as if the two 2 p electrons were in a central field of 
force directed to the nucleus, and under the influence of their mutual inter¬ 
action We adhere to Gaunt’s notation as far as possible to facilitate reference. 
Gaunt adopts the following form for the interai tion energy V : 

V-P + S, 


where P, S are respectively the electiostatic and spin parts of the interaction ; 
also P = «*/r, and (G. (2 6) and G (2 7)) 


S -- T x + T a 


U = 


e*h 


4tt 2 m 0 2 c 2 


[-(5 


H x p») 




where the suffixes 1 and 2 refer to the two electrons, p is the momentum, 
rr 0 = r 1 — r a , r being the distance between the electrons, and the components 
of the <r’s are Dirac matrices. 


t This rule holds rigorously for dipole radiation to any order of the perturbation by P 
and S. Weyl, “Theory of Groups and Quantum Mechanics,” pp. 201, 203 (English 
edition, 1031). 
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We take the following 15 independent wave-functions for the unperturbed 
(2p)* state (G., p 184):— 

W -= W (1) <ti (2) - V (2) W G)1 X, G) X« (2) 

=- W (1) W (2) lx. (1) X. (2) - X* (1) X« (2)J 

W = Wi " 1 ( 1 ) ( 2 ) - tfT 1 ( 2 ) ^ ( 1 )] X« 0 ) Xu ( 2 ) 

W - I*, 0 (l) W (2) - K (2) V (1)] lx. (1) z* (2) + X» (1) X. (2)] 

W = M (1) (2) -I- <h° (2) W (1)] [x. (1) Xfc (2) - Xa (1) X. (2)] 

V = W (1) W (2) - (2) W (1)1 Xa (1) Xa (2) 

W = W (1) ^r 1 (2) - -V (2) ^ 1 (1)] X. (1) Xa (2) 

W = [4>r l (1) W (2) - &- 1 (2) V (1)1 lx. (1) Xa (2) + Xa G) X. (2)1 '}> (4 D 

4 **° = for 1 (1) (2) 4- *T* (2) ^x 1 (1)J lx.(1) Xa (2) - Xa G) X. (2)] 

+.« - (1) W (2) r Za (1) Xa (2) - (1) X. (2)1 

'K" 1 - [<*, - 1 (1) W (2) - <h~ x (2) ^x 1 G)1 Xa (1) Xa (2) 

+r' ,= = tfi°G) (2) - ^i° (2) ^- 1 G)Ux.G)Xa(2) +Xa(Dx.(2)] 

to" 1 = to* (1) (2) + ^x° (2) 4>1 1 (1)1 rx. (I) Xa (2) ~ Xa G)x. (2)1 

4>.- 2 --- Wx° (1) <f>x 1 (2) - <* 1 ° (2) ^x" 1 G)1 Xa (1) Xa (2) 

+r a - & 1 (1) &" 1 (2) fx. (1) X* (2) - Xa (V) X. (2)1 

In these functions, the arguments 1 and 2 refer to the two electrons, and 
(G (4 03) and G. (4.04); we use R in place of g ul ), 

^“ = 3Px“R, (|«|<1), (4.2) 

where R is the radial part of the wave-function, and, following Darwin, 

P*“ = «<«♦ (k - v) 1 (1 - p»)“* (^)* +W (n = cos 0). (4.3) 

The x* 8 are spin-factors with components 

x„ = o, 0, 1, 0 1 ( 4 . 4 ) 

X» = 0, 0, 0, 1 j 


The wave-functions are not normalised; we denote the normalisation factors 
by such symbols as ty. They are divided into five groups, corresponding to 
the different values of the total angular momentum (orbit spin), and indicated 



Intensities of Certain Nebular Lines . 


307 


by the superscripts, which wo shall call m, of the tj/s. The functions with 
suffixes a, (3, y arise in the perturbation by S alone (i.e., the 3 P states); those 
with suffixes S, e in the perturbation by P alone (*S and 1 D). The five groups 
are “ non-combining ” for perturbations l)y both P and S, and can therefore 
be treated separately , but the sub-groups, symmetrical and anti-symmetiical 
in the position co-ordinates, combine when botli P and S are taken into account. 

As regards the perturbation by P alone, the above functions are all correct 
zero approximations as they stand, except v |;*> 0 and A perturbation 

calculation replaces these two by ^ 4 °, where (0. (9 22) ) 

= 1 (45) 

+5° = +»° — 2<|/.° J 

with P perturbation energies given by (G. (!) 19) ) 


AE, 


, t e a 

0 

25 0 

AE 5 = 

». 

2 D 

U t 

0 

(! 

1 5 C 


1 , 


- 18 (4tc) 2 j | 

RVrfr 

0 


where (0 (9 17) ), 


and (G (9.15) and G. (9 01 )) 

D 0 = IK (4rr) 2 c* If —li 2 (L)Ti 2 (2) r x s r./ dr, dr 2 . 


(4 C) 

(4 7) 


r m iiv being the greatei of r lt r 2 By dividing the range of mtegiation for 
into the two intervals (0, jy) and () v oo ) and < hanging the order of integration 
in the second part, the integral for D 0 may be replaced by 

D 0 - 3(i (4 tc) 2 c 2 f" d,\ I'' rf/ a r.r.f R 2 (i) R 2 (2). (4 X) 

J 0 J 0 

Similarly, from G (!) 12 ) 

D.. _ 36 (4ti) 2 e 2 f* di , f' dr t R 2 (2). (4.9) 

Jo Jn > L 

The wave-function ^ 5 ° then refers to the 1 S 0 term, with extra P energy AE 5 , 
^ 4 ° and the other functions symmetrual m the position co-ordinates refer to 
! D 2 , with extra P energy AE 4 , while 1 the functions antisymmetrical m the 
positions refer to the 3 P term, with extra P energy (G. (9.25)) 

AE,(= AE a = AE 3 ) (4.10) 


VOL. CXXXVXI.—A. 


y 
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The next step is to obtain zero-approximations to the wave-functions correct 
to order S/P, taking into account the total perturbation P + 8 , by the method 
of §3. This is facilitated if we first find the correct wave-functions anti- 
symmetncal in the positions after perturbation by S alone. 

We consider in detail first the group m = 0 . For this group, the calculations 
have already been made by Gaunt (G. (9.63)). He finds for the wave-functions 
(since there is an arbitrary multiplying factor in each): 


V = - <K° 

w-r+w >, 

(J,j° = — 2<ji a ° -f 2^(5° — tp T ° 


(4.11) 


and (G (9.61)) for the S perturbation energies (giving the fine structure of 
the triplet): 

air 5 . 1 11 T 


in 71 

SE 4 = % f TJj )- — - > , 

2 4 5 T 

“--iii+t*+is 


(4.12) 


where Tip 7 ) t are the spin energies for a single 2 p electron in a central field of 
force, and (G. (9 53)) 

T = yW. ~ (4te) s . f" dr, P dr„ . Il R 2 (l) R*(2), (4 18) 

5 Jt) Jo r i 

where 

2 to 2 k 2 

^ kc ’ a 47 Aftye 2 ’ 

The terms 1 , 2, 3 are 3 P a , 3 P 1( 3 P 0 respectively. 

We now take ^ 5 ° for the independent orthogonal linear combinations 

of ( 3 . 6 ). The of § 3 are the i]^, , of G. (9.31); the b u of § 3 can be 

read off from G. (9.62) (allowing for the factor by which has been multiplied 
m (4.11)); and the SE fn , s are given in G. (9.37). The C rt of (3 10 ) are given 
by G. (9.36), and the C' i? which wc write C^, .. , C 6 ° in the present notation, 
are given from (4.5), (4,11), and G. (9.34) as follows 

GY> = C tt <> + Gfp + C y ° = 120, 

and similarly 

C 2 ° = 4C, C 3 ° = C 4 ° - 24C, C 5 ° = 12C. 
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There remains the calculation of the matrix elements V ^ 0 — P w ° + S w °, 
which are the V' w of (3.10) The P< ( ° are, of course, the AE’s mtroduced 
above, and P w ° = 0 (i ^ j). The S w ° can also all be calculated from the 
results of Gaunt. We have, in fact, from (4.0) 

S„o = 2 (T l )„® + U.A etc. 

and (Tj)^ ..., U„° are given from G. (9.52) and G. (9.54). S tJ ° («, j -= 1 ,.... 5) 
are then given by (4.5) and (4.11). We thus findf 

S n ° = S fla ° + + S Y> ° - 2 V - 2 S aY ° + 2 S, Y « = - 33T, 

and similarly 


S aa «=:15T, S 33 ° — GOT, S u ° — 30T, S 15 ° - 6 T, V - - 12T, 

S 35 0 - 36T, S 12 ° =. S 13 ° - S 23 ° - S M ° = = S 44 ° = S» # =, S^o « 0 . 

The determinant of (3.10) now becomes .— 


3CT+4C(&h+*) 
+ 12C( JEj—<) 

0 

0 

30T+8O(,, „) 

(IT 

0 

15TM 4C(*,+t,,) 
+40(415,—c) 

0 

0 

0 

0 

0 

flOT-f 10 C(t ?1 +2t| # ) 
+S4C(JE 1 -c) 

—12T 

30T+16C(ij,— 1 ,,) 

301+80(1,,-,,) 

1 

0 | -12T 

1 

1 H24C(JE 4 -c) 

"1 

0 

6T 

0 

3bX+16C(i,,-, t ) 

1 

0 

1 

80(2^4-1?,) 

*f 12C(dK 6 —c) 


The third order sub-determinant at the beginning of the principal diagonal 
is that arising from the triplet, the fourth diagonal element that from the 
state, and the fifth diagonal element that from the 1 S 0 state. From the 
manner in which it has been obtained, it is evident that to a sufficient approxi¬ 
mation the roots, e, of (4 14) equated to zero are obtained by equating to 
zero the elements of the principal diagonal, which gives, of couise, just Gaunt’s 
values for the enorgy levels (disregardmg an unimportant spm correction to 
the singlet terms). 

According to the method of §3, the zero-approximations to the wave- 
functions are then given correct to order S/P by, say, 

S — 1, 5), 

j-i 

t Not all these matrix elements need be calculated for our immediate purpose, but the 
complete calculation affords a check on the work. 
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where | a (f \ is the determinant (4.14). Retaining only terms of order S/P, 
this gives for the root 


e = AEj + BE, (»P 2 ): 

« u [30T + 8C (>)! - via)] |- a lt . 24C (AE 4 - AE X ) = 0 
a n . 6T + a ls . 120 (AE 5 — AE X ) = 0 
a 12 — ~ 0. 


Hence, using (4.6) and (4 10) 


« u== _125 _T 
«n 24 D a 

£is ^ _ 5 T 
(l u ^ hg 


25 C , 
18 D a (>h 


— 'll) 


We may therefore take 




Sinnlarly 


125 T , 25 Cl 
. 24 1) 2 + 18 D 2 


(oi — n 2 ) V 


3 T , o 
6 D" 2 ‘ 


e - AE, + XE a (%): 

V,° = ^2° 

e = AE X + 8E,(*P 0 ): 

v ° - +*•+§ £ - [° ir, + y £ <* ~ J« 

c = AE 4 (iD 2 ): 

uro i o . T125 T , 25 C , .1 , „ 25 T . „ 

T * “ +<" + Lu F, + 9 D, <’■ - ’*> ]«13 D, +■ 

e=AE s (>S 0 ): 

T »” - W + § jr + [1 jr + ? K <* ~ i*)] +■*• 


We now carry out an exactly similar process fur the groups m — ± 1, i 2 of 
(4.1). For these groups, the 8 matrix components have not been calculated 
by Gaunt, except S^ 2 = — V T (G. (9.77)). Many of the wave-functions in 
these groups, however, differ only from those with m — 0 in having different 
spin factors. This enables some of the matrix elements to be found in terms 
of those with m = 0, by utilising the formula for the effect of Tj and U on 
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the spin factors given in G., § 5, and the results of G. (9.50), G (9.51), G. (9.52). 
For instance, we thus find 

2(W=-2(T,) M » = -5T 
IW = UJ> = -*T. 

Wc obtain in this way the following matrix elements')' 

V - S.„- 8 = - “ T, V - *V = «rr _1 - 2T. \ 

" > (4.15) 

V - - Say- 1 - i3T, fij - s f( “ 2 - - s fi r x - 0 J 

Moreover, the integrals for T v U are m all eases real, so that they may be 
equated to their conjugates. By considering the relations between the wave- 
functions for m = i 1, and for m = ± 2, it may thus easily be shown that 

V - s a r x , v - - ‘V 1 , V - - s,r 2 . (4.16) 

Thus the only integrals that need be calculated explicitly are (TJ^ 1 , (TJy* 1 , 
(TJsi 2 (the corresponding U’s vanish). 

The calculation of these integrals is laborious ; the method has been suffi¬ 
ciently indicated by Gaunt, and we only quote the results % : 

= V = - 8/ = 7T. (4.17) 

Since the P matrix elements have already been found in connection with the 
m = 0 group, we now have all the required matrix elements. 

Consider now, for example, the m = 1 group of wave-functions. We must 
first find the zero approximations after perturbation by S alone for the functions 
anti-symmetrical in the positions. We find 

<V «= C/ = CV = 4C. (4.18) 

Omitting the 7 ) factors, since we merely wish to find the wave-functions, the 
S perturbation applied to the functions gi yes t^ e secular equation 

2T - 4Ce, 13T = 0 

13T, 2T - 40s 

t The elements (Td^ 1 and (T^aa -1 am not given directly in this way; it can be seen 
that they vanish on account of the lntegiationfi with respect to <f> l9 <p z . 

t It may be mentioned that the coefficients in the expansion of inverse powers of r m 
a series of Legendre polynomials, required for the evaluation of the integrals, aie given 
very simply by some formulre given by Routh, 4 Proo London Math. Soc.,* vol. 26, 
p. 481 (1895), and do not require the special artifices used by Gaunt for finding them. 
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with roots e; 
binations 


1ST 

T C’ 


11 T 


4 C 


, so that tjig 1 , ^y 1 are replaced by linear com- 


w-w+w \ 
J 


(4.19) 


These refer to 8 P lf 3 P a respectively. From (4.18) anil (4.19), 

ty = ty =8C, 

and from (4.19), (4.15), and (4.17) 

8^ = SOT, V = 14T, Sj, 1 = Su 1 = Sm 1 = 0. 

Wo now take tf; A a , <jy, (Ji, 1 for the tj/< of § 3. We next require the b (t , 8E m , 
and C m of (3.10), that is, we must express our wave-functions in terms of the 
fundamental Dirac solutions for a single electron. Analogously to G. (9 30) 
we find 

W =- ^8 I' 2<J/ # 

W = — (|/8 + |» + ^io }» (4.20) 

W = 4*8 ~ 4 1 # + 3+JO 


where 


4-8 =4:J(i)4'-a 1 (2)-4>:.](2)4'- 2 1 (i) 
4>. -4' 1 ' , (D4'-a 1 (2)-4'r I (2)4- 2 1 (i) 
4'io =• 4'-a 0 (!) 4'i°( 2 ) — 4'-a°( 2 ) 4 'i° (!)• 


(4.21) 


In the right-hand side of (4.21), the notation is that of G. (4.00); the suffixes 
here refer to Dirac’s j. From (4.21) we have 


8E g — 27] j, 8E g — 8E 10 — i'll + 7] 2 - 

Also from (4.19) and (4.20) 

4>i 1 = 3(4'» + 4'io) 

4V = 2+8 + +9 — HlO 

Solving (4.20) for J/ 8> ^ 10 , and using (4.18), we find 


} 


(4.22) 


(4.23) 


C. = | C, 

8 j 




C„-|o. 


(4.24) 


The b u can now be read off from (4.20) and (4.23); the 8E m are given by 
(4.22), and the C m by (4.24). 
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The determinant of (3.10) now becomes 

(SOT + 80(7), — 

1 +8C(AE 1 -e) J’ 

0 , j-^ T + *C(5 % + vJ J4T+JW _, t) 

t -f- 80 (AEi — e) ' J 

« u m . 8 fv . f “/i” terms 1 

o , uT + .^h.-nj . | M ,, (AEi _ e) ) 

By the method used for the case m = 0, we find for the wave-functions : 

*P i: MV - 

. 0l . T ,„ W + | f T |f| C (% _, a) | t , 


In a similar way, the groups m = — 1, ih 2 are treated; wc shall only give 
the final results :— 


m — — 1 


3 Pi: Yr’-'W' 1 


<{<r l — — 'py -1 , 'I'i -1 = +« _1 + (W -1 - 


m = 2. 


v- w-[f 


■D,: T.“ = +1 T7 „ 0 

L U Ug 


[75 T , 25 0 , : , 2 


■F,: V.- + ff £ + |£(»,-».) | +•-. 

>D, ; v.- = £+f 
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Collecting our results, and using (4.5), (4.11), (4.19), (4.25) to express the 
wave-functions m terms of the original functions (4.1), we now have the follow¬ 
ing complete list of zero-approximations for the different states, correct to 
terms of order S/P:— 


3 P 2 : W - W - W + -f (12C) 
(80 

+ (80 
W-W (2C) 

+r 2 +ka+" 2 (20 


*1>, H- W (4C) 

W t- 't'y 1 (80 
+r 1 - 'I'/' 1 (80 

®P 0 • - + 2W - W + c 4 K + c^o (24C) 


(4.2G) 


where 


c i 


J IV + 4t]>. 0 -f Cj^. 0 — + c 6 4/ y ° (24C) 

W + MW - V) (40 
+ 1 - 1 + K(4'.- l + +r 1 ) (40 
4 , -“ + r 3^ a ( 4 0 

4.- 2 -c 3 <K- 2 (40 

hS 0 : <j,,° - 24.° - r,<K» + c 7 ^o + 5C # ^» (12C) „ 


145 * 25 



__ 175 , , 
° 3 12 * + 



35 e 20 55- . 40 

= 9 Y5 ’ f »- : 3 H a 71 ’ c ‘“ 


25 - 25 


and 


25 e . 20 
C ’“ » ?+ 9’l> 



>3 (<3!->)«)• 


(4.27) 


The normalisation factors—disregarding terms m yj— arc given in brackets. 

These may be compared with the functions given by Bartlett (loc. dt.). 
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§ 5 Intensities and Mean Lives. 

We now calculate the integrals I x and I a of (2.5) for the quadripole intensities 
for transitions between the various states. For the of (2.G), we have the 
formulse due to Darwin (0. (5 20)) 

&0Y‘K) = -2)1V +1 -h »(1 - u)( d * f 2-^)P 0 U hl ] 

>. (5.1) 

(P^R) = i I"- | ^ - |)p+ v (1 + «)(® + 2 y)Po u ~ 1 j 

From a consideration of tlie integrations with respect to the azimuths <f> v <£ 2 , 
it can be seen that the integral I t {9t) vanishes unless nt ( = m 9 -f- 1» where m g1 
m t denote the »i’s of the initial and final states; and that the integral I 2 uil 
vanishes unless m t = m g — 1. This simplifies the calculations considerably, 
since only one of the integrals I x or I 2 can contribute anything m the com¬ 
binations between the various wave-functions of the different states. Moreover, 
functions symmetrical in the spins can combine only with functions also 
symmetrical in the spins, and likewise for functions anti-symraetncal in the 
spins. The best plan is to calculate first the values of I 1( I 2 for the only 
possible combmations of wave-functions <j> from (4.1) that can occur. The 
integrals always reduce to the product of two simple integrals, of which one 
is of the form 

{p = — 1, 0), (5 2) 

or 

j ttf9* ix, {p — 1, 0), (5 3) 

and the other of the form 

(5 4) 

Using (4.2), (5.1) and (P k u )* = (— l) u P fc _l ‘, (5 2) becomes 

(- ])*' 1 .3.2tc . ("dO P dr [P/IV* sin 0 cos 0 (r>RR' - r 2 R*) 

■ o J o 

- (P + 1) (P + 2) PSP,-' sm 0 cos 0 (r* RR ' + 2r*R s )], (5 5) 

where R 1 = dUjdr, and P/ stands for Pi 1 ' as defined by (4.3) without the <j> 
factor. By an integration by parts 

= f*r*R 2 dr, 

Jo * 

and the integrations with respect to 0 can be performed without difficulty. 
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We thus find for (5.5) the value 

12rc f r 2 R 2 dr — A, say, (p = — 1, 0), 
Jo 


where A 2 — £0 by (4.7). Similarly (5.3) has the value — A, (p = 1, 0) We 
easily find that (5.4) has the value A for p ~ 0, and 2A for p = ± 1. 

We can now make a tabic of values of I W) for the various possible pairs of 
the of (4.26), including the summation with respect to the spm factors. 
The total intensity of a transition such as l D 2 ->*P 2 > for instance, is then 
obtained by summing Ihe values of where s is any wave-function of the 
x D 2 state and t any wave-function of the 3 P 2 state, after inserting the normalisa¬ 
tion factors for the wave-functions. Wc shall omit the details and give only 
the final results :— 


>D a > S P 2 : I = ig- 3 (30975* + ^ + 80ifl' 
’D, - 3 P,: (19895? + 7085*1 + SOt?) 

^d 2 - 3 p 0 - 

1 =--§!? 

1 "iFk (:,l>5 + I(i ’ ,) * 

%-> 3 P 0 : 1 = 0 
iS o ->D 2 :I = 0 


(5 6) 


Tlie value 0 for l S 0 3 P 0 is a special case of the result that the transition 
j =■ 0 = 0 is forbidden for any multipole radiation (Bartlett, loc. cit.). 

The value 0 for 1 S 0 -> *D 2 , however, has only been obtained because the functions 
V«°» +«° m J S 0 and ^b 1 , in *D 2 (which are the only ones that arise) occur in 
certain combinations ; it is thus, so to speak, accidental, and it is clear that 
by taking account of higher order terms in the wave-functions we should get 
a non-vanishing result. It is only the perturbation by P which comes in 
question, and this perturbation is large when both electrons are in 2 p orbits ; 
m fact, it will be shown in the next section that the separation ratio is not in 
agreement with experiment, so that the wave-functions with which we work 
cannot be very good approximations. 



Intensities of Certain Nebular Lines . 


317 


To take account completely of the second order perturbation by P would 
require a great deal of additional calculation. We therefore make use of a 
modification of the usual perturbation theory which has been given by Lennard- 
JoneB.f Let V fc< be the elements of the perturbation matrix ; then, the first- 
order correction to the wave function energy E fc , is ordinarily given by 


Ly_ 


i*k 


E fc — E. 


+«• 


Lennard-Jones points out that this may be replaced by 

V — Si. . , „ E, 


E fc 




(5.7) 


where e* is the first-order correction to the energy-level E fc . The principal 
part of the correction is thus expressed in terms of tho unperturbed eigen¬ 
function and if E fc E, tho second part may be neglected. In the case of 
0" 1 + and N + , the condition E* ^ E, is not fulfilled, the levels from the 2$(2p)* 
configuration, in particular, lying fairly (‘lose to the (2^) 2 (2p) 2 levels. Never¬ 
theless, we may expect that the contribution from the second term in (5.7) 
will be comparatively small, and that—at least as regards order of magnitude— 
a fair approximation will be obtained by retaining only the first term in (5.7). 

In the present case, V = P ~ c 2 /r, so that, from (5.7), a wave-function 
is to be replaced by 

1 ~ it If) k ' l 1 + a “ ' r r) < 6 - 8 ) 


where AE, is the P-perturbation of the state m question, and E tho unperturbed 
energy level—say, the mean of the levels 2 D, S P. From (5.8) and (2.5) 


T (st) _ 

1 , — 


[ z, (l + a. + (1 I- a, + £) V* ( dz 2 

+ j z 2 (1 + a, + £) W *2 (1 + « t + ^ )<]**, d t, (Zt 8 


(5.9) 


Retaining only first-order terms in a, (3 and neglerting the terms independent 
of a, p since we know that they contribute nothing to the final result, the first 
integral in (5.9) gives 

(a, + a,) 1 d*! dr, + P j ^ dr, d-: t 

+ pj (5.10) 

I * Proc. Roy. Soc A, vol. 129, p. 598 (1930). 
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The last integral in (5.10), after an integration by parts, gives 

- P j l 1 +*,»!<{(, dz x dz 8 . 

The second integral in (5.9) is similarly treated, so that we may put 

V* 0 = ( a * + a f) J ^ T 1 ^ T 2 

+ p | J — 'J'Vi'M dT a (5.11) 

-I- p | ^ (<k&,v!** f - d^i dr a 

I 2 (,() has the same value with m place of & The first integral in (5.11) 
has already been calculated; the only new ones that need be calculated are 
the second and third in (5 11) and the similar expression for I 2 £,f) . 

Since we may expand 1 jr in the form (G. (9.01) and G. (5.22)) 

;=»S/.(r„ r* 0*, 0.) e‘“< 

T u 

it can easily be seen that only those wave-functions contribute to I*' 0 which 
do so when the corrections m (5 8) are neglected, and, moreover, that if one of 
the integrals I^, I 2 (,() does not vanish, the other one certainly does. Since 
we are considering only the l S 0 -> 1 V> 2 transition, this means, from (4.26), that 
we need only retain the wave-functions 


W-2<W\ for « 0 1 

*a J . ^c" 1 , for j D 2 J ' 


(5.12) 


The second and third integrals in (5.11) are of a type met with before in the 
work There are a number of new integrals to be found The best way is to 
proceed systematically with the functions <f> that occur in (5.12) in the same 
way as before. The calculations may be considerably shortened by observing 
that some of the integrals can be deduced from others by interchanging the 
variables 1 and 2, or equating an integral to its conjugate (since it is real). 
We further have in our case, from (5.8) 


E ’ 



«. = — 


** = 
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and (4.6) may be used to express AE 4 , AE 6 in terms of the integrals D 0 , D a . 
We again omit the details, and give only the final result: 


‘Bo -> ] D 2 : I 


216/D^ 2 
G25*CE , ‘ 


(5.13) 


Tliis now replaces the last of (5.6) 

The relative intensity of lines with the same initial level, ^ or *0^ are 
given, from (2.4), by the ratios of the value's of I given by (5.6) and (5.13) 
multiplied by v 4 , where v is the frequency of the line. 

For the mean lives of the X S 0 and l D 2 states, we require the absolute intensities 
The result (2 4) is the intensity per unit solid angle in the z-direction. For an 
individual transition between two \va\e-fum tions the radiation is, of course, 
polarised,*)" but the total radiation for a transition between two states is 
evidently unpolariscd and the same ui all directions. The total intensity 
per atom is therefore obtained by multiplying (2.4) by 4 tc and dividing by the 
weight of the initial state (1 for 1 S n , 5 for 1 D 2 ) The probability of transition, 
per unit time, is obtained bv division by a further factor Av st . The total 
probability of transition, per unit time, from 1 S 0 or *D a to a lower level, is 
obtained by Humming the probabilities so found over all lower levels, and are 
thus, from (2.4), (5 G), and (5.13), given by 


A ( 1 S 0 ) = 


4rc 2 fc 2 | yi | 3 216 f 2 


A( 3 D 2 ) = 


o ^ 

in 2 he 2 

>n 0 2 c 2 


p) 

\ c 1 


(525' CR ’ 


125 
9 12 s 


Y (5.14) 


(8G04E, 2 -I- 3072:;/) + 320/)*) 


where v t , v a arc respectively the frequencies of X S 0 -> 1 D 2 , x D a >* 3 P. We have 
neglected the contributions to A ( X S 0 ) of the -* 3 P transitions, since they are 
relatively very small. 

The mean life, t„ of an atom in state s ls defined by 


where A,^ r is the Einstein “ A ” coefficient, and the summation is taken over 
all Btates r of lower energy than s, so that if no influences other than spontaneous 

t By considering the lield given by the retarded potentials, it can be shown that the 
radiation is circularly polarised pxrallel to the (.e, y) plane. Cf, Uubinowioz, 1 Z. Physik,* 
vol. 61, p. 338 (1030). 
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emission are at work to meroase or decrease the number of atoms in state 
that number will be 


N = N*-*. 


8 , 


after time t , where N 0 is the number at time 0. The mean life of an atom in 
state or l D 2 is therefore the reciprocal of the corresponding expression in 
(5.14). 

§ G. Numerical Values . 


So far the calculations have, of course, been general and apply to any atom 
or ion which can be treated as composed of two electrons m equivalent p 
orbits. We now wish to apply these results to the special cases of 0 ++ and 
, with reference to the nebular lines The combinations of integrals of 
radial wave-functions which remain m the results can all be calculated from 
the experimental data. For, from (4.0) and (4.10), the separations between 
the different multiplet terms are given by 


>d-is = ae j -ae, = 12> 

»P-‘D = AE, - AE, =. 1 & 


( 61 ) 


while from (4 12) the triplet separations are 

3P, - 3P a _«,-«.— £§ + ! ft, - V) 2 ) ] 

*P 0 - ‘P, = MS, - *K, - \1 + l ft x - flj 


( 6 . 2 ) 


so that from the experimental values for the separations, the quantities D a /C, 
T/C, Tjj — 7] 2 , and hence also £ and tq, can bo calculated 
It is of interest first, however, to see how the observed separations fit in 
with the calculated values where such can be found. A discrepancy arises at 
once, however, as pointed out by Bartlett, for the ratio of the mter-multiplet 
separations given by (6.1) is 3 : 2 independently of the value of D 2 /C, whereas 
this is not so experimentally, the ratio being about 23 : 20 for O { + and 17,15 
for N + . It is evident that this arises from the large value of the perturbation 
by P when both electrons are m 2 p orbits, and the fact that our wave-functions 
are not sufficiently accurate ( cf\ the results on the intensity of 1 S 0 ->- 1 D a of 
the last section). The necessary wave-functions, derived by the method of 
Hartree s self-consistent field, are available in the case of O H having been 
calculated by Hartree and his collaborators. The method of the self-consistent 
field has been amply justified by comparison of rosults derived from this 
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method with experiment, and has recently been justified theoretically as being 
a good approximation in many-electron atoms.t 
With these radial wave-functions the integrals for T, D 2 , C were calculated 
by numerical integration! ; — t) 2 is the spin-doublet separation for a single 

electron in a p orbit in a central field of force, and is given by§ 

f”-R 2 <Zr 

v)! — y ) 2 = fyW ? = JyW. p—■-» 

Jo 

where Z is the effective nuclear charge at distance r, so that, since Z is also 
obtained with the self-consistent field method, ^ — y] 2 can also be calculated. 

The values thus found for the separations for 0 ITT, computed from (6 1) 
and (6.2), together with the experimental values (taken from Becker and 
Grotrian, loc. at ), are given below in cm ~ 1 :— 

Separation ratio 




Observed 

Calculated. Observed 

Calculated. 


-*8 . ... 

22913 

16600 1 





> 1-14 

1-5 

sp. 

-!D 

20100 

moo J 


3 Pi 

- 3 r a .. 

193 

224 "1 





} 1 -66 

1-8 


- 3 Pi . 

116 

126 J 



The inter-multiplet separations do not agree well with the observed values, 
as might be expected m view of the above, but the triplet separations come 
out as well as can be expected On tile whole, then, we may expect our theory 
to yield reasonably accurate results for the intensities and mean lives, in spite 
of the inaccuracy of the wave-functions used after perturbation by P alone. 
For the numerical calculations, we shall now use the experimental data as 
explained above, taking the mean of the two values for D 2 /C obtained from 
(6 1). The use of the experimental values for the quantities involved in this 
way may reasonably be supposed to increase the accuracy of the calculations, 
though this cannot be said with certainty. 

We give, in Table I, the results for the relative intensities of lines from the 
same initial level, and the mean lives, as calculated from the formulae of § 5, 

t Fock, ‘Z. Physik,’ vol. 61, p. 126 (1930), Dirac, ‘ Proc. Camb. Phil. Soo.,’ vol. 26, 
p. 376 (1630). 

t The values of D |( C were supplied by Dr. Hartree. For tho other integrals, a straight¬ 
forward method of numerical integration was actually adopted, although in similar cases, 
owing to the inverse powers of r in the integrand, it may sometimes l>e better to use a more 
indirect method. I am indebted to Dr. Hartree for pointing this out to me. 

§ Dirac, * Proc. Roy. Soo.,’ A, vol. 117, p. 624 (1928). 
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for the spectra 0III, Nil, and the similar spectrum Cl (added for com¬ 
parison), and also the observed values for the intensities of the nebular lines. 
The observed values of the separations in 0 III and NII, and of the average 
nebular intensities, are taken fiom Becker and Qrotnan (loc. cif.); the data 
for CI are taken from a paper by Fowler and Selwyn.f 


Table I.—Relative intensities of lines, and mean lives of metastable states, arising 
from (2p) a configuration. The intensities are relative for lines m the first group 
and for lines in the second group, but not for two lines in different groups. 


/ 

/ 

OIII 



NIL 


01. 

/ 















/ 

A. 

Relative 


i Relative 

, Relative 

/ 

/ 

/ 

/ 

intensity 

A 

| intensity. 

| intensity 

1 

Calc. 

Obs 


Calc. 

Obs 

1 Calr. j Obs. 

‘D.-'S. 

4363 21 

1 

1 

5754 8 

1 

i 

' 

8732 00 1 — 


2332 08 

2 X 10 

0 

3071 G3 , 

3 < 10~ 7 

0 

4735 ')(. 4 10-* - 

’P.-'S, 

2321 64 

4 X 10"* 

0 

3063 72 

6 10' 8 

0 

4729 m 4 . I0-* - 

*P.-*K. 

2315 40 

0 

i 

0 

3050 03 

! 0 

0 

| 472h 51) ! 0 — 


5000 84 (NjV 

3 

2 

6583 6 

3 : 

2 

10348 7 3 — 


4958 91 (N,) 

1 

l 

0548 1 

1 

1 

10319 3 j 1 — 

>P,->D, 

4931 93 | 

7 < 10"* 

0 

6528 2 

7 X 10-* 

0 

10303 (i | 1 x 10-* i — 

Mean life 
l S 0 state 

0 10 seconds 


0 11 seconds 

0 12 seconds 

Mean life 
state 

26 seconds j 

i 

3 1 minutts 

| 58 minutes 


The results for the relative intensities of the nebular lines coiresponding 
to 8 P 2 , i, 0 —*D 2 ar0 very satisfactory; m particular, the calculated value of 
3 :1 for the relative intensity of the nebulium lines N 1? N 2 in 0 III agrees quite 
as well as could be expected with the average observed value of 2 : l Indeed, 
this ratio, which differs somewhat in the different nebulas, should be more 
nearly 10:3 according to Campbell and Moore Similar remarks apply to 
the red nebular lines, X = 6583-0 and X = 0548-1, of NIL The extreme 
weakness of the line 3 P 0 —’D 2 m both 0 III and N II accounts for these lines 
not being observed in the nebulae. Bartlett’s results (loc. at) for the relative 
intensity of 8 P 2 x 0 — J D 2 are : "“ 


3-9.1-2:1-9 
39 : 25. 0 
11 : 7:8 


> for 0 III, 


1 - 9:1 -2 : 1 - 4^1 


39 : 
11 : 


25: 0 
7: 8 


>for Nil, 


t ‘ Proc. Roy. Soc / A, vol. 118, p. 34 (1928). 
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the three different results being obtained by assuming three different “ inter¬ 
mediate states ” m the calculation of matrix elements. 

It will be seen from (6 2 ) and (4 27) that when the 3 P tuple t is not far removed 
from a “ normal ” one (separation ratio — 2 * 1 )- -as is the case in all the spectra 
here considered—the ratio %/t ) is small (£ — 0 for normal triplet). From (5.0), 
we see that it is the small value of E.//J which accounts for the relative weakness 
of 3 P 0 — l D a . As the triplet dep.arts fartlier from normality the lme 3 P 0 — 11 D a 
becomes stronger, though, owing to the nature of the coefficients m (5.6), 
the ratio of a P 2 — 1 I ) 2 to 3 P X - l I ) 2 is always close to 3 : 1 . The relative intensity 
of 3 P 2i lt q —^X ) 2 f° r a normal triplet is exactly 3 1:0 according to the present 
theory. It will be observed that the summation rules are not obeyed in these 
intensities. 

The weakness of the lines J P, 2 ~~ 1 ^o compared to 1 I) 2 — 1 S 0 would also 
account easily for their not being observed , but we have m addition the fact 
that these lines he in the ultra-violet and so would not be observed in any case 
m the nebulae. The line 3 P X X S 0 (which the calculations show is much the 
stronger of the two) has, however, been observed in the similar spectrum Pb I f 
It should be pointed out, incidentally, that the value for 1 S 0 is somewhat 
unreliable owing to the way in which wc dealt with the first-order approxi¬ 
mations to the wave-fum tions for this transition in § 5. 

What is perhaps the most interesting result of the calculations from an 
astrophysical point of view is that for the mean lives of the metastable states 
1 S 0 and * 03 , especially the latter, in 0 + and N + . The figures for the hS 0 
state are not very reliable for the reason mentioned above, but those for A D 2 
should be fairly accurate It is usually very reasonably assumed that the 
physical conditions m the nebula; must be such that the mean time between 
collisions suffered by the gaseous ions must be at least as great as the mean 
lives of the ions in the initial metastable states ; for otherwise the ions would 
be knocked out of these states so quickly by collisions of the second kind that 
the radiation would not be effective % It is also necessary to suppose that the 
radiation from the exciting star is so weak that the induced absorption does 
not seriously impede the emission § 

t Stir, ‘Phil. Mag,’ vnl. 2, p. 640 (192G); Gioseler und Urotrian, ‘ Z. Physik,’ vol. 34, 
p. 374 (1925). 

I This should not, howe\cr, be assumed without question, since emission lines from 
metastable states, as, for instance, the auroral green line of O I, have been observed in the 
laboratory where this condition would not, presumably, be satisfied. French* and 
Campbell, ‘ Phys. Rev.,’ vol. 36, p. 1460 (1931), suggest that the occurrence of this line in 
the laboratory is due to the strong excitation in laboratory sources. 

§ Eddington, ‘ Mon. Not. R. Astr. Soc vol. 88, p. 134 (1927). 
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We may therefore (probably) assume that the mean time between collisions 
in the nebulse is at least about 26 seconds in regions where the nebulium 0 III 
lines are emitted, and about 3 minutes in regions where the red lines, X—6583-6 
and 6548-1, are emitted The greater time necessary for the latter is con¬ 
sistent with the fact that the N lf N 2 lines occur strongly in almost all the 
nebulae, whereas the rod lines occur only in a few ; the nitrogen spectrum, 
however, occurs less frequently than the oxygen in the nebulae, and this may 
not have any significance. The mean time between collisions depends on the 
temperature, density, and effective collision area of the colliding particles in 
the nebulae, and these are not at all accurately known Very rough estimates 
give a mean time ranging from 10* to 10 6 seconds for the diffuse nebulas, and 
from 7 to 700 seconds for the planetary nebula? f 

The nebulium lines N,, N 2 occur also in the spectra of novae a certain time 
after their appearance. If we accept the theory that these lines are emitted 
by a gaseous shell which expands radially outwards from the nova, then, as 
pointed out by Elvey,^ the density of the shell at the moment the nebular 
lines are emitted must have decreased to such a value that the mean time 
between collisions is just sufficient for the radiation to become effective - about 
26 seconds according to the present theory. If the density of a nova shell at the 
moment of emission of the nebular lines could be found accurately,§ this, 
then, should give fairly precise information concerning the temperature (or 
vice versa). 

§ 7. Conclusions 

We are justified in drawing the following conclusions from the present work * 

(1) The only point at which direct comparison of the calculations with 
experiment can be made is in the relative intensity of the lines 3 P 2 x 0 — ; 
the agreement is very satisfactory. 

(2) Assuming the validity of our results and of the hypothesis that the mean 
time between collisions suffered by the omitting atoms in the nebulae must 
be at least as long as the mean lives of the atoms in the initial states, the 
physical conditions in the nebulae must be such that the mean time between 
collisions ih at least about 26 seconds in regions where the nebulium N x , N 2 

f Becker and Grotnan, lor. ett ., p 74. 

J Elvey, ‘Nature,* vol. 121, p. 12 (1928), Pike, ‘Nature,* vol. 121, p. 136 (1928); 
Elvey, ‘Nature,’ vol. 121, p. 453 (1928); Geraaimovic, ibid. 

§ Elvey’s estimate is 10“ 17 gr. cm.- 3 , about the same os the estimated density fn the 
nebulae, but the data on which it is based can hardly be considered reliable. See Menzel, 
1 Nature,’ vol. 121, p. 618 (1928). 
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lines are emitted, and at least about 3 minutes m regions where the red lines, 
X == 6583*6 and X = 6348*1, are emitted 

(3) In the ease of novae exhibiting the N v N a lines in their spectra, the mean 
time between collisions should be about 20 seconds m the region where these 
lines arc emitted at the moment the lines first appear strongly marked. 

(4) All in all, this paper, as far as it goes, confirms Bowen’s hypothesis 
concerning the origin of certain of the nebular lines, and the further assumption 
that these lines are due to quadripole radiation The final step in the con¬ 
firmation would be the production of these lines in the laboratory if it should 
become possible to reproduce m some degree the nebular conditions (as has 
already been done in the case of the O 1 nebular lines by Hopfield, loc. eit.). 

In conclusion, I should like to express my warm thanks to Mr. Fowler for 
his interest in this work, and his helpful advice ; also to Professor Hartree for 
supplying me with the numerical data for the radial wave-functions for O 4 4 '. 


The Diffraction of Elastic Waves at the Boundaries of a Solid Layer. 

By J. H. Jones, Ph.D., Chief Geophysicist, Anglo-Persian Oil Co , Ltd. 

(Communicated by 0 W. Richardson, F R 8.— Received February 25, 1932 ) 

[Platks 10 anri 17 ] 

1. Introduction. 

When a disturbance occurs near the free surface of a solid medium or near 
the interface of two solid media, many remarkable effects arise from imperfect 
reflection and refraction due to the curvature of the elastic wave-fronts. In 
the case of a solid with a free surface, Lord Rayleigh predicted the existence 
ot surface waves travelling with a velocity lower than that of the distortional 
waves. These waves are usually very pronounced on earthquake records. 

It has been demonstrated by Nakano that a large percentage of the energy 
of an earthquake will appear in the Rayleigh waves if the focus is near the 
surface, and conversely, for a very deep focus there will be little or no energy 
in these waves. Another kind of surface wave was discovered by Love. This 
wave exists when a layer of finite thickness rests on a deep solid layer and when 
the velocity of the distortional wave in the upper layer is less than that in the 
lower layer. 



326 


J. H. Jones. 


An effect of a different kind was observed by A. Mohorovicic in the records 
of near earthquakes. He found two distinct conipressional and distortional 
wave pulses in the records. Mohorovicic accounted for the four pulses by 
assuming that the focus was m an upper layer of the crust and that one pair 
of waves had travelled directly along this layer, and that the other pair had 
been refracted into a deeper layer, and after travelling a certain distance along 
this layer, had been refracted to the surface again. 

Later, other waves were discovered which indicate a still deeper layer in 
the eaith’s crust. The depths of these layers have been estimated from the 
time of travel of the waves. The same principles have been applied with 
success to the smaller scale problem of determining the depths of sedimentary 
formations close to the earth's surface. For this purpose, the disturbance is 
set up artificially with an explosion of a charge of gelignite or dynamite buried 
in the ground, and the earth movements are recorded by special types of 
portable seismographs. 

In the spring of 1930, the geophysical staff of the Anglo-Persian Oil Company 
carried out an experimental seismic survey of the Masjid-i-Sulaiman oilfield 
in South Persia, in order to test the seismic method for determining the depth 
of a hard limestone bed winch forms the oil reservoir. It will be shown m tins 
paper that several diffracted wave pulses are formed at the upper and lower 
boundaries of the layer, and that the depth and thickness of the layer ran be 
estimated from the velocities and the times of travel of these pulses. 

2. Diffraction Effects in a Solid Layer embedded in a Medium 
possessing Lower Elastic Wave Velocities. 

Suppose that the solid layer, which has two parallel surfaces at a distance 
d apart, lies horizontally at a depth h in the other medium. Let V x and V/ 
represent the velocities of the compressional and distortional waves in the 
surrounding medium, and V 2 and V 2 ', the corresponding velocities in the 
solid layer. 

Referring to the diagram, fig. 1, <m\ W are the two boundaries of the layer, 
and 0 represents the position of the explosion near the surface of the ground. 

Upper Boundary Wave. 

Consider the compressional wave pulse which leaves the explosion point 0 
and falls on the surface of the solid layer at A, so that OA makes an angle 
fij = sin" 1 Vj/V 2 with the normal at A. 
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According to the laws of geometrical optics there would he no energy trans¬ 
ported along the surface aa when a plane wave falls on the surface at the critical 
angle 0 X ; the bulk of the energy would be reflected back to the original medium 
along AO' But when the wave-length is comparable to the radius of curvature 
of the wave-front, as is the case m our problem, it appears that the energy 
actually travels along the boundary aa\ and is scattered back to the original 
medium along the paths A'C\ A"C", etc , which make the same angle 0 X with 
the normal to the surface of the solid layer A simplified form of the problem 
has been studied theoretically by Jeffreys * He has considered the case of 
two compressible but non-rigid media, the lower medium transmitting the 
compressional wave with the greater velocity. 



The most important result from the practical point of view derived by 
Jeffreys in his paper, refers to the time of travel of the indirect wave in the 
lower layer. He has shown that the ordinalv law of refraction gives the 
correct time of travel. In other words, the time of travel of the diffracted 
wuve from 0 to C', fig. 1, is given by, 


'o 


<>A . A A' , A'O' 

\r+ V7 + TT' 


(i) 


The time t 0 can be expressed in terms of the depth h of the upper surface of the 
layer and the distance OC'. The expression is 


t _L + cot 0j 

t Q - — 

V 2 


( 2 ) 


The depth h can be determined by means of tins relation when the velocities 
V 1 and V a are known. 

The usual method, however, of finding h is to find the distance on the 
time distance graph at which the time along the indirect path is the same as 


* * Proc. Camb. Phil. Soc./ vol. 23, p. 472 (1927). 
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that along the direct path from 0 to C\ The time along the direct path is 
Lj/Vj so that the condition for equality is 


which gives 


Lj __ Lj . 2A cot Ot 

V 1 "v a + v a • 



1 — sin 
cos 0 X 


(3) 


Consider the two adjacent paths A'C', A"C", fig. 1. The difference in the 
times of arrival at C' and 0" is merely due to the extra length A'A" of the 
horizontal path m the solid layer. Thus the observed velocity of the indirect 
wave is 


C'C" A'A" 

~Kt aT~^ 


(At is the small difference in the times of arrival at C' and €")• If the solid 
layer is inclined at an angle <f> to the horizontal, it can be readily shown that 
the apparent velocity observed on the surface is given by 

rc" _ v 2 sm e t 

At sm(0 1 ±^)’ 

The negative sign for <f> refers to the wave travelling up the slope and vice 
versa Thus the apparent velocity of the indirect wave will be greater than 
the true speed of the compressional wave in the solid layer if the wave is 
travelling up the slope, and smaller than the true value if travelling down the 
slope of the upper surface. 

Lower Boundaitj Wave . 

When a compressional wave pulse falls on the surface aa r at the critical 
angle Op it will give rise to a distortional pulse S 2 in the solid layer, which 
travels in the direction making an angle 0 2 with the normal. This angle 0 3 
is given by sin 0 2 = sin 0 2 V a /V- v where V 2 ' is the velocity of the distortional 
wave in the solid layer. But sm 0 X = Yj/V 2 , so that sm 0 a = V a 7V a . Thus 
the distortional pulse falls on the lower boundary of the solid layer at the 
appropriate angle to form a reflected compressional pulse which travels along 
this boundary with the velocity of the compressional wave. 

Owing to the curvature of the wave-front, it appears that a considerable 
proportion of the energy of the incident distortional pulse is transmitted 
along the lower boundary us a diffracted compressional wave pulse. Nakano* 

* Nakano, 1 Japanese J. Aistr. & Geoph*.,’ vol. 2, p. 233 (1925). 
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has investigated theoretically the problem of the reflection of a distortional 
wave at a free surface, and he has shown that a compressional wave is formed 
at the free surface in addition to the Rayleigh wave. Nakano has also shown 
that the percentage of energy in these waves depends on the depth of the 
focus and the curvature of the wave-front of the primary distortional wave. 

The diffracted compressional wave travelling along the lower boundary of 
the solid layer is similar in type to that discussed by Nakano It is also similar 
to the P g wave formed at the interface of the granitic and sedimentary layers 
and observed at stations near the epicentre of on earthquake.* 

Each point on the lower boundary of the solid layer will become the source 
of small secondary distortional pulses, some of which leave the surface at the 
critical angle 0 2 and again strike the upper boundary and are transmitted into 
the upper medium and reach the surface. 

For example, a small pulse leaves the lower boundary at IV, strikes the upper 
boundary at A', and travels to the surface as a compressional pulse along the 
path AT/. Part* of the energy of the distortional pulse arriving at A' will 
follow a distortional wave path in the upper medium, but this arrives later 
than the compressional pulse and need not be considered at present. 

Referring to fig. 1, the time path of the lower boundary wave is OABB'A'C', 
and the time from 0 to C' is 

, OA + A'C' , AB | B'A' BB' 

*2 — v ‘ V ; ‘ V 1 

M v 2 * 2 

which can be written in the form 


L ,2 hi ot . 2(/ cot 0., 

,s ~v “ 2 v a “■ 

The time of the upper boundary wave has been shown to be 

. _ L , 2 h rot 0, 

0 V 3 

ho that 

2 d cot 0 2 

^ 2 0 \T * 

v » 


(4) 


(5) 


This expression can be used to calculate the thickness of the solid layer, 
Besides the pulse travelling along the path OABB A 0, there is an infinite 
number of other minute pulses which arrive simultaneously at the point O'. 
Thus consider the distortional pulse leaving the boundary at e and falling on 


* H. Jeffreys, “ The Barth,” 2nd od„ p.‘ 100. 
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the upper boundary at /, where it forms a eompressional pulse travelling along 
the upper face to A' and finally along A'C' to the surface. The complete 
time-path of this pulse is OABe/A'C', and the tune of travel is given by (4) 
above. Again, coasider the diffracted wave formed at the upper boundary. 
Each point on this surface is the origin of secondary distortional pulses travel¬ 
ling across tho solid layer. 

For example, a distortional pulse leaves the upper surface at / and falls on 
the lower boundary at g, travels along gB' as a eompressional pulse, and along 
B'A' as a distortional pulse The complete path of this pulse is OAfgB' A'C', 
and the time of travel is again given by (4). 

It will be seen that all the pulses have crossed the solid layer twice with the 
velocity of the distortional wave, and have travelled partly along the lower and 
pmtly along the upper boundary of the layer with the velocity of the com- 
pressional wave. 

It is clear that this secondary diffracted wave, being tho resultant of an 
infinite number of minute pulses, will be strongei than the primary diffracted 
wave formed at the upper boundary. It will also maintain its energy better 
than the primary wave as the number of rc-inforcoments increases as the 
distance OC' increases. 


Internal Reflection* 


The next pulse arnving at the surface will have suffered reflection either at 
the upper or lower face of the solid layer. 

Referring to fig 1 , the complete path of the constituents of this pulse will be 
similar to 0ABe//B'A'C' and OAfghkW A'C' * All these pulses have crossed 
tiie solid layer four times and they will arrive simultaneously at C\ 

The time of travel is 


so that 



2 h cot 62 
V a 


+ 


id cot 0 , 

V, 


(6) 


« , _ 2d cot Oj 

u ~ ta - V, ’ 


(5) 


This pulse will be followed by one which has crossed the solid layer six times 
and the time of travel will be. 



2 h cot 0 j . 6 rf cot 0 S 

v a + v7" 


( 6 ) 


Thus the first part of the seismogram will consist of a comparatively weak 



331 


Diffraction of Elastic Waves . 


pulse formed at the upper boundary of the layer, and tins will be followed by 
a strong second arrival at an interval of time, 


'2 


__ 2d cot G 2 

'O-y- 

V 2 


and by other pulses at the same interval. For convenience of reference to 
the various pulses, the upper boundary pulse will be called the a 0 pulse, the 
pulse which has travelled twice across the layer will be referred to as oc 2 , and 
the pulse which has crossed four tunes will be <x 4 , etc 

Intermediate Pulses —There will be intermediate pulses formed by simple 
reflection at the lower boundary of the layer. The mode of formation of these 
pulses is illustrated 111 fig. 2 


O C* C 11 



A compressional wave pulse, lca\ing the focus at 0, falls on the surface aa' 
at an angle 0/, smaller than the critical angle 0 4 m fig 1, and the distortional 
pulse S 2 is formed by refraction. The incident e of tins pulse on the lower 
boundary at an angle 0/, smaller than the critical value 0 2 in fig. 1, produces 
a compressional pulse travelling along BA' and A'C'. The complete path of 
this pulse is OABA'C'. 

When the distance OC' is large compared to d, the time along this path 
approximates to 

9 __ L ,2 h cot 0 L _j_ d cot 0 a m 

'■ ■■ V, + —vr~ + _ vT () 

The next pulse of this group will follow the path OABe/V'C", and the time of 
travel will approximate to 

. L , 2 h cot 0. , IW cot 0 2 /Q x 

,= v, + -vr +— vT' m 

These pulses are referred to as <x v ot 3 , etc. 

Another complete series of pulses will be derived from the primary com¬ 
pressional pulse leaving the focus at 0. These pulses will differ from the a 
pulses only in respect of the final part of the path across the overburden. 



332 


J. H. Jones. 


In this series, which may be referred to as the {3 series, the path A'C\ figs. 1 
and 2, will be distortional. There will be similar effects resulting from the 
primary distortional wave A diffracted distortional wave will be formed at 
the upper boundary of the solid layer, and there will be pulses corresponding 
to a lf a 2 , etc., with the path in the overburden entirely distortional. 


3. Experimental Investigation into the Diffraction Effects at the 
Boundaries of a Solid Layer. 

The limestone bed at Masjid-i-Sulammn is several hundred feet thick and 
is covered by rocks composed of gypsum, salt, shales and sandstones. Below 
the limestone is a medium consisting chiefly of shales and marls. The elastic 
wave velocities in the limestone are appreciably higher than those in the media 
above and below, so that the physical conditions are similar to those discussed 
above. The underground conditions at this oilfield are known in great detail 
as the whole area has been carefully explored with the drill. 

This knowledge was extremely useful in connection with the interpretation 
of the results 


The Survey Instruments. 

(а) The Seismograph —Early in 1929, the writer developed a portable 
seismograph for geophysical prospecting, a detailed account of which has 
recently been published.* 

(б) The Vibration Galvanometer .—The time of explosion and other synchro¬ 
nising signals are recorded by a special type of vibration galvanometer in 
conjunction with transmitting and receiving wireless outfits. 

The vibration galvanometer is similar in principle to the device for controlling 
the zero position of the seismograph It consists of a small cobalt steel magnet 
fitted with soft iron pole pieces about 3 mm. apart. Two magnetising coils 
are fitted on the pole pieces and connected together so that the magnetising 
actions are opposing each other. The effect of a small current flowing through 
the coils is to distort tho magnetic lines of force outside the gap. A small soft 
iron element suspended in this field by a phosphor bronze strip will respond to 
the variations in the current flow through the coils. 

(c) The Recording Camera .—The recording camera consists of a clockwork 
arrangement for driving the photographic paper at a uniform rate past a 


* * J. Hci. InBtr.,* vol. 0, p. 8 (1932). 
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narrow slit. A small time-marking pendulum fixed inside the camera inter¬ 
cepts a narrow beam of light falling on the photographic paper so that an 
accurate time-scale is recorded on each seismogram. 


The Method of Investigation. 

The observation lines were arranged in most cases to run parallel to the long 
axis of the structure, and full use waR made of the accurate underground con¬ 
tour map of the oilfield for this purpose. The seismograph stations were 
located at about 1000 feet intervals and on a line passing through the explosion 
point. The time of travel of the waves was measured to an accuracy of 0*005 
second. At stations close to the explosion point the first pulse will have 
travelled directly through the upper medium, but at the more distant stations, 
the indirect wave will arrive earlier on account of the greater speed m the 
hard limestone layer. 

There will be a discontinuity in the time curve at the point, where the time 
along the indirect path is the same as that along the direct path in the upper 
medium. Thus in fig. 3, the line ()A(J is the graph of the times of arrival of 
the direct wave in the upper medium, and the slope of this line gives the 
velocity of the compress;onal wave in this medium. 


C 



At a certain distance from the explosion point, the indirect wave begms to 
appear before the direct wave On the graph, the portion AB of the time- 
curve gives the apparent velocity m the second medium. This will 
be identical with the velocity of the compressional wave m the second medium 
if the interface is horizontal. In general, if the interface is not horizontal, it 
is necessary to observe the apparent speed of the wave travelling in the reverse 
direction to get the true speed of the compressional wave in the covered medium. 
The true speed of the indirect wave V 2 , and the inclination <f> of the layer, 
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can be calculated from the observed apparent velocities V 3 and V a " and the 
velocity Y x in the upper medium, usmg the relations 

V ' t= Va sm ^ 1 /g\ 

2 Sill (Ojl + (j>) sin (0! + <f>) 

y" __ V2 g in Oj __ ^1 m\ 

2 sin (0! — <f>) sin (0 2 — <f>) ’ 


The angles 0 A and <f> can be deduced from (8) and (9) and V a ran then be deter¬ 
mined from the relation, V 2 ==- Y x /*m 0 1 . 

So far the simple case of a single medium overlying the solid layer has been 
considered, but m practice the overburden may be composed of two, three or 
more layers with different elastic wave velocities. 

Consider the general ease of several paiallel strata overlying the limestone 
layer, fig 4. All the layers are inclined at a small angle <f> to the horizontal, 
and the elastic wave velocities are Y v V 2 , V 3 , V 4 and V L represents the velocity 



Fig. 4. 


in the limestone layer. The thicknesses of the various beds arc A a , h v 
and p denotes the thickness of the upper medium at the explosion point 
The minimum time paths of the a 0 and a a pulses are shown in the diagram ; 
the angles 0 t , 0 2 , etc., arc given by sin0 1 =V 1 /V L , sin0 2 = V a /V L , etc. 
The time t 0 from 0 to I can be written in the form 


/o ^ 2pcot _e I+ 1 £2Acot e,.|. 


Vr. 


( 10 ) 


where V Iio is the apparent velocity o! the « 0 pulse. Similarly the time 
ol the a 2 pulse will be given by 


, s== 2 £ cot0 1 + |. S2Acot 0i + L + 
V L V L 0 


where 0' is given by sm 0' = V L 7V L . 


V 
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The Experimental Results. 

In the following pages, attention will be confined chiefly to the important a 
pulses, as these appear first on the seismograms, and their identification is 
comparatively easy. 

For the study of the diffraction effects, the traverse lines were arranged 
with the aid of the underground contour map to avoid large curvatures and 
inclinations of the surface of the limestone. 

Observations were made on several traverse lines but m this paper only 
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three of these are considered. The time-distance graph for one of these 
travcr&cs is shown in fig 5. 

It will be seen from the time-curve that the overburden is composed of two 
media with elastic wave velocities of 12,480 feet per second and 16,040 feet 
per second respectively. 

The limestone pulses begin to appear clearly on the seismograms at about 
17,000 feet from the explosion point. The upper boundary pulse (oc 0 ) appears 
as a first arrival at this distance but disappears again beyond 20,400 feet. 
The speed of this pulse is 16,880 feet per second. The average depth of the 
surface of the limestone has been calculated from the position of the two 
discontinuities at L t and L a , and the values of the velocities through the over¬ 
burden and along the upper surface of the limestone layer. This calculation 
is given in detail below. 

Both the a 2 and a 4 pulses are very pronounced on the seismograms obtained 
on this traverse line. It will be seen that the velocity of these pulses is con¬ 
siderably higher than that of the a 0 pulse. 

The higher velocity of the lower boundary pulses is shown in a striking manner 
on the actual seismograms reproduced in fig. 6, Plate 16. The distance of the 



336 


J. H. Jones. 


position of observation is indicated on each record and the three important 
pulses oe 0 , a 2 and a 4 are marked. 

The seismograms show the ot a pulse gradually overtaking the a 0 pulse, on 
account of the greater velocity of the former, and at a distance of 21,400 feet, 
the <x 2 is the first arrival on the record This difference in the speeds along the 
upper and lower boundaries of the limestone layer has been observed on most 
of the traverses at the Masjid-i-Sulamian oilfield, although the difference is 
much more pronounced in some parts of the field than in others. The lower 
velocity along the upper boundary is undoubtedly closely connected with 
the porosity and Assuring of the upper part of the limestone layer. It has 
been found that the variation in the velocity of the a 0 pulse is intimately 
connected witli the oil productivity in different parts of the field ; the velocity 
is lowest in the area of greatest productivity. On the other hand the velocity 
of the lower boundary pulses is remarkably constant over the whole oilfield, 
thus indicating uniform conditions at the base of the limestone layer. The 
velocity of the compressiorial wave pulses along the lower boundary is close 
on 20,000 feet per second, whereas the velocity of the upper boundary pulse 
vanes from 19,200 feet per second to 15,800 feet per second. 

A difference in the velocity along the upper and lower boundary will have 
considerable effect on the strength of some of the a pulses. 

For example, the oc 2 pulse which is compounded of minute pulses which have 
travelled partly along the lower and partly along the upper boundary, will 
not maintain its strength at the distant stations if there is a difference m the 
velocities along the two boundaries. On the other hand, the a 4 pulse will not 
be affected by the velocity difference as most of the pulses of which this is 
composed will arrive simultaneously at the surface. Consequently when 
there is a difference m the velocities of the elastic waves along the upper and 
lower boundaries of the limestone layer, the a 4 pulse would be expected to be 
stronger than a 2 at long distances from the explosion point. This has been 
found to be the case on several traverses surveyed over the great producing 
areas at Masjid-i-Sulaiman. 

The varying velocity m the limestone layer will introduce slight modifica¬ 
tions in the expressiou for the time of the a pulses. The time / 0 of the a 0 pulse 
will now be given by 


= 7T + S 2h cot 0 + 


where V u is the true speed of the compressional wave along the upper boundary 
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and V„ a is the apparent velocity observed on the surface. Similarly the time 
of the a 8 pulse will be given by 


h 



2 p cot Oj 

V. 


+ ^-2 2Arot 0 + 

Mi 



cot 0 dh. 


The integral term represents the time of travel of the distortlonal pulse across 
the limestone layer and it replaces the term 2d cot 0/V,, which holds when the 
speed is constant throughout the limestone bed. The integral can be evaluated 
when the law of variation of velocity in the limestone layer is known Actually, 
only the velocities along the upper and lower boundaries can be determined 
experimentally, and it is necessary to make some assumption regarding the 
variation of the velocity across the layei The velocity at a depth h m the 
layer is assumed to be given by 

V, = V e ah 

1 h * iC > 


also by the law of refraction, 
Thus the integral 


V h = V L sin 0 


2_ 

V t( 


f* <) 

I rot 0 dh — -Z— 

Jo «V,. 


' 0 | 
0. 


cot 2 0 r/0 


2d (cot 0 2 — cot 0 3 ) 2d (0 3 — 0 2 ) 
V l 1o*V l /V m VJo K V,/V tJ 


The angles 0 2 and 0 3 can be determined wlien the velocities are known, and the 
integral term can be evaluated m terms of d 

The average depth of the upper surface of the layer can be calculated from 
the time-curve, fig. 5. The thickness of the upper layer m the overburden 
can be obtained from the position of the discontinuity L, at 4880 feet. This 
thickness is given by 


j x (1 - sin B r 

2 cos 0 


Substituting h x = 4880 feet, sm 0i — V^Vj - 0 78, we get p —- 850 feet. 

The average depth of the upper face of the limestone layer can be deduced 
from the position of the second discontinuity at 17,000 feet. 

The general relation is 

, j cot 0 8 _ Lf J — sm (0 L ± <f>) __ AL. 2 * 

** 2 cot 0 X 2 cos 0 t 2 cos 0 L 

In the calculation we shall neglect the small angle The angle 0! is given by 

sin Ojl = Yj/Vy = 0-74, so that cot 0* = 0-907. Also sm 0 2 = V a /V M ^ 0*95, 


* This relation can be deduced by equating the time / 0 given by equation (10) above to 
L, — ALj/V^ where AL, =« ab in fig. 5. 
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and cot 0 a = 0*327. Substituting the value of L 2 and AL 2 , we get h 2 = 1250 
feet. Thus the average depth of the upper face of the layer is p + h a = 2100 
feet. 

Calculation of the Thickness of the Layer . 

There are several methods of obtaining the thickness of the limestone layer. 
The most direct method is to calculate the thickness from the time interval 
(t 4 “ * 2 ), using the relation 

t 4 “ ^ rr ( c0 ^ O dA 

Vf, 


2d (cot 0 2 — cot 0 3 ) 2d (0 3 — 0 2 ). 

Vi>gV L /v„ v L log v L /v„ ■ 


Substituting V u - 1G,880 feet per second, V,, -= 20,000 feet per second and 
the values of 0 2 , 0 3 , etc., the value of d is given by 

1*605,10~ 4 d = 0*130 
or 

d = 810 feet. 

Another value of the thiekness can de deduced from the time of the oc 2 pulse, 
assuming the depth of the layer calculated from the a 0 pulse. 

The time t 2 is given by 

t 2 = rp- + J- S 2A cot 0 + [ cot 0 <lh . 

* L a m, V L J 0 

At L ~ 24,000 feet, t 2 = 1*580 seconds 


Thus 


-p- =~ 1 • 210 seconds, -1 S 2A cot 0 = 0 • 199. 
v r. fl V Tj 

^ f" cot 0 dh — 0 f 171, 

VL Jo 


which gives d = 1Q60 feet. The difference in the two values for the thickness 
of the layer is not surprising in view of the assumption made regarding the 
variation of the velocity within the layer. Further, some error will be intro¬ 
duced by neglecting the small angle of inclination of the layer. The average 
thickness of the limestone layer determined by the drill is about 900 feet, so 
that the above determinations are in fair agreement with this figure. 
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Another time-distance graph is shown in fig. 7. 

This traverse was located close to one of the greatest producing regions of 
the oilfieldB. 

The a 0 pulse appears as a first arrival on the seismograms at about 10,000 
feet from the explosion point and its velocity is about 15,840 feet per second. 
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Fig. 7. 


The pulse disappears at 17,000 feet. The lowwelocity of this pulse is quite 
consistent with the considerable degree of porosity and Assuring that must 
exist in this area of prolific oil production. The lower boundary pulse has a 
velocity of 20,600 feet per second. This is probably slightly higher than the 
true speed on account of a gradual rise in tho layer along this traverse line. 
The highest point of the layer is reached at about 19,000 feet from the explosion 
point, and beyond this point the surface of the layer gradually falls again. 
This fall in the surfaco is the cause of the apparent low velocity of 18,000 feet 
per second at the end of the line. Some of the seismograms obtained on this 
traverse are shown in fig. 8, Plate 17. They show very dearly the higher speed 
and tho greater strength of the lower boundary pulses. It will be observed 
that the high speed pulse has beon marked a 4 on the graph. This is indicated 
by the calculation of the thickness of the limestone layer which is given below. 
It is possible that the oc a pulse is too weak to show on the records on account 
of the large difference in the velocities along the upper and lower boundaries. 


Calculation of the Depth and Thickness of the Layer . 

Assuming = 13,480 feet per second, V a = 15,840 feet per second and 
Lj =s= 9700 feet, the average depth of the upper boundary of the layer reduces 
to 1380 feet. This is in good agreement with the average known depth in the 
area. We have again neglected the small inclination of the surface. The 
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thickness of the layer can be deduced from the time of arrival of the a 4 pulse, 
assuming the depth given above. 

t A = -ii + -L j 2A cot 0 + [ cot 0 dh. 

/L a h Jo 

At L = 16,000 feet, t i = 1 • 188 seconds 

^- = 0-776, i- S 2A cot 0 = 0-122, 

V L„ 

so that 

[“cot Qdh = 0-290, 

* l J ii 

which gives 

d = 860 feet. 

The value of V L has been taken to be 20,000 feet per second which is the mean 
of all determinations at the oilfield. 

About 30 miles south-east of the oilfield, the limestone layer outcrops at 
the surface and forms the cover of an enormous mountain, reaching a height 
of 4700 feet above sea level. 

A line was surveyed at the foot of this mountain for the purpose of checking 
the clastic wave velocities observed at the oilfield. All the observation stations 
and the explosion point were located on the surface of the limestone layer. 

The time-diRtance graph is shown in fig. 9, and it will be observed that there 
are two different pulses plotted on the first part of the graph. 
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The first pulse with the velocity of about 15,360 feet per second has travelled 
along the surface of the limestone layer, and corresponds to the a 0 pulse detected 
at the Masjid-i-Sulaiman oilfield. The velocity is slightly less than the lowest 
value observed at the oilfield. This pulse was not detected beyond 8400 feet 
from the explosion point. The graph of this pulse does not pass through the 
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origin. This effect which is sometimes referred to as the “ delay in starting ” 
is probably caused by a very loose layer lying over the solid limestone and 
which transmits the disturbance with a very low velocity. 

The second pulse plotted on the graph, becomes a first arrival at 8400 feet, 
and has a velocity of 18,500 feet per second. This corresponds to one of the 
lower boundary pulses detected at Masjid-i-Sulaiman. Owing to weathering 
and other actions, a considerable thickness of the limestone layer has been 
eroded from the base of the mountain and the actual thickness of the layer 
under the traverse line was between 400 and 500 feet. This thickness can be 
estimated from the times of arrival of the two pulses. 


O C' 



Fio. 10. 


In the diagram, fig. 10, aa', bb\ represent the upper and lower boundaries of 
the layer with a very loose layer above. 

The path of the a 0 pulse is OAA'C'. 

Let OC' — AA' (approx ) = L, so that 

*o ~ rr "H 

where A is the time along the paths OA and A'C' in the thin cover. Again 

h = 4- = 7 * f cot 0 dh f A. 

*L V L Jo 

Thus 

Expressing the integral in terms of d we get, 

1*806 10” 4 d = (« 2 -g + 0-110L10 4 . 

At L = 6000 feet, t z — t 0 = 0*085 second, so that 

d = 840 feet. 

This is approximately twice the known thickness of the layer, so that the high 
speed pulse must be assumed to be a 4 , and the thickness now reduces to 420 


2 a 2 
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feet. This result is quite consistent with the facts established at the oilfield, 
where it was found that the first strong high speed pulse was nearly always 
oc 4 in those areas where the upper part of the layer would be expected to be 
considerably fractured. We can also deduce the thickness directly from the 
time of arrival of the a 4 pulse. 

*« — A ^ 4-4- f cot 6 dh, 

which reduces to 

3-612.1(M<* = (/ 4 - A) - ii. 

* L 

At L = 22,000 feet, 

<4-A = 1-342, = 1-189, 

so that d = 425 feet, which is an excellent agreement with the previous 
determination. 

Summary and Conclusions . 

An account has been given of an experimental investigation into the diffrac¬ 
tion of elastio waves at the boundaries of a limestone layer, embedded in a 
medium possessing lower elastic wave velocities. 

Several diffraction pulses have been observed at the surface. The first of 
these pulses has travelled along the upper boundary of the layer with the speed 
of the compressional wave. This pulse is invariably weak and cannot be 
detected at the distant stations. Further, the speed of this pulse varies over 
a wide limit at the oilfield, and there appears to be an intimate connection 
between this speed and the degree of Assuring in the upper part of the limestone 
layer. 

Several other pulses have been discovered which have a higher and more 
constant velocity, and possess greater energy at the distant stations. 

The writer has advanced the view that these are formed by the critical 
reflection of distortional pulses at the lower boundary. The distortional pulses 
arc transformed at reflection to compressional pulses travelling along the lower 
boundary. Some of the distortional pulses will be internally reflected within 
the limestone layer before being transformed at the lower boundary, and will 
arrive later at the surface. The time interval between the arrival of the 
successive pulses depends on the thickness of the layer and on the velocity of 
the distortional pulses across the layer. It is assumed that the higher speed of 
these pulses is the result of greater compactness at the base of the limestone 
layer. In this connection it is interesting to record that in one area of the 
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Masjid-i-Sulaiman oilfield, where the upper part of the limestone layer is known 
from drilling records to be very compact, the velocity of the upper boundary 
wave was observed to be close to that travelling along the lower boundary. 

The greatest difference in the velocity was observed in the great producing 
regions. 

In conclusion the writer takes this opportunity to express his appreciation of 
the interest taken in this work by Sir John Cadman, G.C.M.G., D Sc., and 
Mr. J. Jameson, C.B.E. He also wishes to acknowledge his indebtedness to 
his colleagues on the geophysical staff of the Anglo-Persian Oil Company for 
their valuable assistance, and to Professor A 0. Rankine, O.B E., D Sc., and 
Dr. Harold Jeffreys, FRS, for the benefit of their views on this subject. 


The Velocity of Corrosion from, the Electrochemical Standpoint, 

Part II. 

By U. R Evans and T P. Hoar. 

(Communicated by Sir Harold Carpenter F R.S —Received February 26, 1932.) 

In Part I of this series of papers,* an electrochemical survey was made of 
those types of eorrosion, where large distinct anodic and cathodic areas are 
met with Measurements showed that the corrosion produced was equivalent 
to the electric current flowing, whilst potential movements suggested that this 
current was largely controlled by polarisation at the cathodic areas Cathodic 
polarisation curves were obtamed by means of a cell fitted with a platinum 
anode, this material being chosen in order to avoid complications due to the 
destruction of the eathodically produced alkali by metallic salts from the 
anode; the character of these curves suggested the principle governing 
the ratio of the cathodic and anodic areas on a corroding specimen. 

Papers expressing views consonant with those of the authors have been 
published by Herzog and Chaudron,t Endo and Kanazawa,J and by Forrest, 

* 4 Proc. Roy. Soc.,’ A, vol. 131, p. 367 (1931). 

t 1 Kor. Met. Sohutzvol. 6, p. 171 (1930), ‘ C, R. Aoad. Sci. Pans,’ vol 192, p 837 
(1931), vol 193, p. 587 (1931) ; 1 Bull. Soe. chim.,’ vol. 49, p. 702 (1931). 

t ‘ Sci. Rep , Tohoku, Umv,’ vol. 19, p. 425 (1930). 
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Roetheli, Brown and Cox,* whilst divergent opinions have been expressed by 
Bengough, Lee and Wonnweffij* * § and by Liebrcich.f Bengough’s objections 
are dealt with elsewhere,§ whilst Liebreich’s attitude has been criticised 
by Werner and Baisch,|| by Cassol and Erdey-Gruz^f and by Schikorr.** 
Liebreich’s contention that the distribution of corrosion is the same in presence 
and absence of oxygen has been examined experimentally in this laboratory 
by C. W. Borgmann, and found to be quite untrue. 

The present paper describes a series of measurements of corrosion velocity 
carried out on vertical specimens of iron and steel m solutions of potassium 
chloride, sodium chloride, sodium sulphate, lithium chloride and potassium 
sulphate , in potassium chloride, simultaneous measurements have been made 
of the potential on the anodic and cathodic zones 

Materials .—The pure vacuum-fused electrolytic iron foil (E 30 and E 31) 
and the steel foil (H 28 and H 30) were very kindly prepared by Dr. W. H. 
Hatfield. Pure iron produced thermally (G 2), was purchased from Messrs. 
Griffin and Tatlock Analyses are given in Table I 


Table I. 



Electrolytic 
Iron E 30 

Electrolytic 
Iron E 31. 

Steel 

H 28. 

Steel 

H 30. 

Iron 

G2. 

Carbon 

0 04 

0 03 

0 26 

0 34 

0 030 

Manganese 

0 02 

Trace 

0*67 

0-64 

0 021 

Silicon 

0 015 

0 015 

0 15 

0 20 

0 017 

Sulphur 

0 013 

0 011 

0 014 

0 026 

0 018 

PhogphoruH 

0 021 

0 021 

0 018 

0 027 

0 006 

Nickel 

Nil 

— 

_. 

0 13 


Chromium 

Nil 

— 

— 

Nil 


ThiokneBH 

0 028 cm 

0 028 cm. 

0 034 cm. 

0 031 cm. 

0 021 cm. 


The metal was cut into specimens G*5 x 2*5 cm., and abraded 24 hours 
hefore the experiments. Materials E 30, E 31, H28 and H30 were ground 
with French emery No. 1, and G 2 with No. 3 emery. The specimens were 
twice washed with carbon tetrachloride. 

* 1 J. Ind Eng. Chem./ vol. 23, pp. 660, 1010, 1012, 1084 (1931). 

t ‘ Proc. Roy. Soc./ A, vol. 131, p. 494 (1931), vol 134, p. 308 (1931). 

t 1 Z. phys. ChemA, vol. 165, p. 123 (1931). 

§ * Trans. Electrochom. Soc.’ (%n the prees). 

|| ‘ Verein deuts. Ing.’ GemeinschafUtagung (1931) 

If *Z. phys. Chem./ A, voL 166, p. 317 (1931). See also reply by E. Liebreioh, ' Z. 
phys. Chem / A, vol. 166, p. 319 (1931). 

** ‘ Z phyB. Chem/ (t» the press). 
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Procedure .—The method was an improvement of that previously used,* 
the specimens being clamped vertically m beakers, with immersed area 
3*6 X 2*6 cm.; the beakers were placed in larger vessels containing acid- 
free air, which were arranged in a special thermostatf with precautions against 
vibration; the experimental temperature was normally 20*0° C ^0*06°, 
and the initial pressure 720 mm. of mercury. Preliminary experiments on 
the effect of vibration, carbon dioxide and oxygen-uptake were carried out 
to check the conditions. 

In the absence of convection currents and vibration, the boundary of the 
attacked area was found, at moderate concentrations, to be sharp and hori¬ 
zontal, fig. 1 (a). The unattacked (cathodic) area, (J, was above, in the part 



Fro. 1 —Distribution of corrosion. a, “ Ideal" distribution m potassium chloride. 6, 
Distribution in potassium chloride on specimen with central woak-point. c, 41 Ideal” 
distribution in sodium or potassium sulphate. 

most accessible to oxygen ; here the metal remained quite unchanged, being 
indistinguishable in fact from the unwetted area beyond the water-line The 
etched, anodic area, A, was below, with two deeply etched wings (W and W') f 
due to the descent of corrosion-products from “ weak points ” situated on the 

♦ * J. Chem. Soc.,* p. 119 (1929). 

t * J. Soc. Chem. Ind„* vol. 40, pp. 66,245 (1931). This thermostat also embodies certain 
features incorporated in other air-thermostats previously erected elsewhere, including that 
of W. H. J. Vernon, 4 Trans. Faraday Soc.,’ vol. 27, p. 241 (1931). 
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cut edges, the products cutting off oxygen from the metal thus blanketed * 
Above the etched area, a narrow band of interference tints, B, occasionally 
appeared. This ‘‘ideal” arrangement of the distribution of corrosion was 
obtained between 0-001 N and 1*0 N concentrations of potassium chloride; 
in more dilute and more concentrated solutions, the boundary was less nearly 
horizontal. 

Occasionally a specimen also showed the development of corrosion at one 
of the “ central weak points ” referred to in a previous paperf; the rust 
descending from such a weak point produced an arch-shaped area, fig 1 (6), and 
over the area thus blanketed marked etching occurred In spite of this fact, 
these exceptional specimens showed almost the same corrosion-velocity as 
those which gave no streaming from central points. 

The amount of corrosion was determined by loss of weight, the corrosion- 
product being removed by cathodic treatment in citric acid (12*5 grammes per 
litre), at 0-02 amperes per specimen. Blank specimens subjected to this 
treatment showed a loss of weight less than 0*1 mg. 

Altogether, the corrosion of 607 specimens was measured in the course of the 
work. In most cases the experiments were carried out in triplicate. On 
materials G 2, E 30, E31, and H 28, the “scatter” was usually less than 
3 per cent, from the mean ; steel II 30 gave a worse reproducibility, and was 
only used in the early series. 

A few experiments were carried out by measuring the amount of oxygen 
absorbed during corrosion, by a modification of Bengough’s method, the small 
hydrogen-evolution being also obtained The apparatus is shown in fig. 2. 
The movement of the mercury index during corrosion showed the volume- 
changes ; the changes at constant pressure were easily calculated. The amount 
of ferrous iron present m the corrosion-product was estimated with ceric 
sulphate, and the total iron by the weight loss of the specimen A correction 
for the initial amount of dissolved oxygen was applied. Satisfactory agree¬ 
ment was obtained between the observed oxygen absorption and thut calculated 
from the amounts of fermus and feme iron and hydrogen produced m the 
corrosion process, Table II. Good agreement between the values obtained 
gravimetncally and by measurement of oxygen-absorption had previously 
been observed by Bengough, Lee and Wormwcll.J 

* The word " blanketing ” has always been used by the authors and their collaborators 
to denote a loose covering of secondary corrosion product of the type which can be removed 
by wiping. Bengough and his colleagues appear to use it in a different sense. 

t ‘ J. Chem. Soc p. 111 (1929). 

t 1 Proc. Roy. Soc.,* A, vol. 134, p. 314 (1931). 
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The method of potential measurement adopted at higher concentrations 
was essentially that described in a previous paper,* with slight modifications 
designed to give increased accuracy, better insulation and easier manipulation. 
Calculations show that the method becomes inaccurate for measuring cells of 



Fio 2 —Mu ro-apparatus for meaburenunt of oxygen absorption and hydrogen evolution. 


Table II 


Solution. 

Material. 

Hydrogen 
evolved in 

48 hours 
(c p.alNTP) 

Total oxygen 
absorbed in 

48 hours 
(observed) 

(e c. at N T.P ) 

Total oxygen 
absoibedin 

48 hours 
(calculated) 

(e c at N T P ). 

0 1 N KOI 

/ K31 

\ H 30 

O 00 

0 07 

1 77 

1 84 

! 1 65 

1 79 

3 0 N KCI 

/ E 31 
\ H 30 

1 0 03 

| 0 00 

! 

0 62 

1 20 

I _ 

0 65 

1 25 


resistance greater than 0 5 megohms, and at \» n low concentrations a modi¬ 
fication of the “floating grid*' methodf was adopted, fig. 3, paraffin-wax 
insulation being employed throughout the instrument- With the switch S 
open, that is, with the grid " floating,” a balanre is obtained with potentio¬ 
meter P x ; the grid current is determined by the external grid insulation, 

* ‘ J. Chem. Soo / p 1361 (1930). 

t Foebinder, * J. Phya. Chem.,* vol 34, p. 1299 (1930); Muller, ‘ Z. Electrochem.,* vol. 
36, p. 923 (1930). 
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and since this is good, the current is extremely small (< 10“ 12 amperes). S 
is now closed at (o) so as to bring the potentiometer P 3 into the grid circuit; 


Z4v 



Fig. 3.—Valve electrometer circuit with floating grid for uae at low concentrations. 

P a is adjusted imtil the anode circuit balance is again obtained, t.e., the grid 
is again at the floating potential, and the grid current at the very low value. 
On switching S to (6) and balancing with potentiometer P a , the value of the 
unknown e.m f is obtained on the voltmeter. Since the floating grid method 
has boon criticised by Morton, 1 " the arrangement was tested by measuring 
the e.m.f. of the cell. 

N/10 potassium Tubulus filled N potassium 
chloride with potassium chloride 

Mercury saturated with chloride of saturated with Mercury 
calomel chosen calomel 

concentration 

The tubulus employed was of the size used in the actual experiments on 
corroding specimens. If the method is valid, it should give the same value 
(0*054 volt), whatever the conductivity of the liquid in the tubulus may be. 
Measurements were made (a) with the unmodified electrometer circuit, and 
(i b ) with the floating grid apparatus. The results, shown in Table III, indicate 
that method (b) is accurate at all concentrations, but that method (a) is suited 
only for high conductivities. 


* * J. Chem. Soc./ p. 2983 (1931). 
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Table III. 


Liquid in 
tubulus. 

Approximate 
resistance of cell. 

Moasured uraf, 

Method a j 

Method b. 


megohms 

1 

volts 

volts 

0-1NKC1 

0 2 

0 054 

0 054 

0 01 N KC1 

2 

0 057 

0 054 

0 001N KC1 

20 

0 078 

O 054 

Water 

T 

0 248 

0 054 


Three specimens of each material were tested at each concentration and on 
each specimen six tubuli were fixed, three opening on to the uncorrodcd area 
above and three on to the etched area below or at the sides. No intermediate 
liqmd was used , the error caused by omitting it was less than 0*001 volt. 

Experimental Results .—In the preliminary experiments steel H 28 was 
exposed to potassium chloride (0*1 N and 0-00513 N) and potassium sulphate 
(0*02 N) for different periods ; corrosion-tune curves obtained by the gravi¬ 
metric method are shown in fig. 4, each point representing the average result 



of three experiments. The linear graphs indicate a constant velocity over the 
period during which it was desired to study the mechanism, and a standard 
time of 48 hours was adopted for subsequent work. The corrosion-time curves 
obtained by the oxygen-absorption method for steel H 30 and iron E 31 were 
also linear, but the slight initial irregularity was in the opposite direction. 
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Experiments were earned out with the irons E 30 and 6 2 and steel H 30 
in potassium chloride, potassium sulphate, sodium chloride, sodium sulphate 
and lithium chloride of different concentrations. The relation between cor¬ 
rosion and concentration, as obtained in the most important experiments, is 
given in Table IV, and in figs. 5 and 6, each point representing the mean of 



CONCENTRATION (N) 

Fig 5.—Corrosion of various materials in potassium chloride from 0-001 N to 3*0 N. 



CONCENTRATION (N) 

Fig, 6.—Corrosion of iron Q 2 in various concentrated salt solutions. 



Table IV.—Rate of Corrosion and Potentials of Anodic and Cathodic Areas at Different Concentrations. 
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in KC1 
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weight loss 
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mg 
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5 60 

6 03 

6 27 

6 80 

7 20 

8 20* 

6-40* 

4-80* 
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&*99 

mg. 

510 

5-06 

4 70 

4 17 

3 70 

3 37 
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Iron G2 
in NaCI, 
weight loss 
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Iron £ 30 
in KC1, 
weight loss 
in 48 hours. 

mg 

3 87 

4 37 

4 87 

5 03 

5 37 

5 70 

6 37 

6 80 

7 33 

7 03 

6-47 

5 13 

4*43 

3*73 

Steel H 30 
in KC1, 
weight loss 
in 48 hours. 

mg. 

4 67 

5*65 

6*70 

0 37 

6 83 

7-23 

7-50 

7 70 

9 03 

10 53 

10 13 

8 60 

9-47 

6 70 

Concentration 

N. 

H h 

ju}$00U300O 

OOOOOOOOOH^NAi5^OCOU}0O>9O 

o3oiooiooiooioiHHrtH«in 


The figures in columns 1-C represent the means of three experiments, except *, single determinations, whilst those m columns 7-9 are the means 
of nine values, except t» means of three. 






352 


U. R. Evans and T. P. Hoar. 


three experiments. Fig. 5 illustrates the action of potassium chloride on 
different materials. The corrosion velocity first rises with the concentration, 
reaches a maximum and then falls again. Fig 6 shows the descending portion 
of the curves for the corrosion of iron G 2 in different salts. Other experiments 
gave similar results. 

In a series of experiments conducted on materials E 30, E 31 and H 30 in 
potassium chloride, with simultaneous potential measurements, the tubuli 
were found to produce a slight acceleration to the corrosion velocity, without 
affecting the distribution. The corrosion velocities obtamed on E 31 are 
shown in Table IV and fig. 5, whilst Tabic IV and fig. 7 show the values of the 



Fro. 7.—Cathodic and anodic potentials and acting c.m.f. shown by iron E 31 corroding 
m poiassium ehlonde from 0 005 N to 0*2 N 

potentials at the anodic area, curve A, and cathodic area, curve C ; the acting 
e.m f, the difference between the anodic and cathodic values, is shown m 
curve E. Each potential measurement recorded is the mean of nine values, 
measured after 48 hours, preliminary experiments having shown that the 
values cease to alter after about 10 hours. Several other series of potential 
measurements were carried out. It was found that even when duplicate 
experiments presented divergencies between the individual cathodic and anodic 
potentials, specimens showing an abnormally high anodic potential also showed 
an abnormally high cathodic potential, so that the acting c.m.f. displayed 
good agreement between duplicates. 
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It will be noticed that the steel H 30 caused distinctly quicker corrosion 
than the pure iron E 30, a difference not due to hydrogen-evolution, and that 
sulphate solutions caused attack fully as rapid as chloride solutions. On the 
other hand, experiments with a stainless iron containing 13 *G per cent, of 
chromium showed no attack in 0*1 N potassium sulphate, but visible attack 
in 0*1 N potassium chloride, whore the weight-loss was 1-0, 1-2, and 1*7 mg. 
in 72 hours in three different experiments. This is doubtless due to the superior 
penetrating power of chlorine ions.* The primary film of ordinary iron or 
steel is easily penetrated by S0 4 " or Cl' ions, a^nd when once the areas under¬ 
going attack have spread out, the penetrating power of the anions ceases to 
influence the rate of attack. 

A few experiments were conducted at temperatures other than 20° C., with 
iron 6 2 in 2*6 N potassium chloride. The results, which indicate a low 
temperature coefficient, are shown in Table V. 

Table V. 


Temperature. 


Weight Iobs in 48 hours 
(mean of 3 experiments). 


’ C 

u 

20 

30 


217 

4 03 

5 15 


Comparisons of the size of the corroded region gave interesting results. 
The corroded area (A), fig. 1, usually occupied only a small fraction of the area 
on the pure irons 6 2, E 30 and E 31, being 0*05-0*5 cm. high, except at the 
highest concentrations , but it was 0*1-0*8 cm. high on steels H 30 and H 28, 
and was increased further when traces of carbon dioxide had access to the 
metal. On any one ?natenal f the corroded area was smallest at intermediate 
concentrations ; at the lowest and highest concentrations, where the corrosion 
was slower than at intermediate concentrations, the corroded area mounted up 
higher towards the water line. Since the corroded area was smallest at the 
range of concentration where the total corrosion was most rapid, it follows that 
the intensity of corrosion—corrosion per unit urea of the part affected—was 
very much greatest over the intermediate range. The shrinkage of corroded 
area at enhanced corrosion-velocity is explained by the principle developed 

* For measurements of penetrating power of anions see Britton and Evans, 1 J. Chem. 
Soc.,’ p. 1773 (1030). 
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in a previous paper.* The area extends until the rate of production of alkali 
on the cathodic part becomes sufficient to prevent further extension; and under 
conditions favouring rapid attack, this will occur when the anodic area is 
still quite small. No other theory seems to explain the apparent paradox 
that the corroded area is least under conditions which cause the total corrosion 
to be exceptionally rapid. 

Determinations of Dissolved Oxygen .—The oxygen-concentration of all the 
solutions at different concentrations after saturation with air at 20-0° C. and 
760 mm. was determined by the Winkler method. The results are given in 
Table VI. 


Table VI.—Oxygen Content of Solutions Saturated with Air at 20*0° C. and 

7G0 mm. 


Salt concentration, 

Potaaaium chloride, 

Sodium chloride, 

Sodium sulphate. 

grama equiv /litre. 

c.c./litre. 

oo./litre. 

o.o./litre. 

0 0 

6 13 

6-13 

013 

0-1 

5 94 

— 

— 

05 

6 23 

5 20 

4 87 

1 0 

4 51 

4 46 

3 98 

1*5 

3 94 

3 70 

3 25 

2 0 

3 41 

3 10 

2 67 

3 0 

2-55 

2 31 

— 


In addition, some experiments were carried out to determine the oxygen 
remaining m the liquid at different levels during a typical corrosion experiment 
in 0*1 N potassium chloride. It was always noticed that the colour of the 
liquid up to the level of the top of the etched (anodic) area was green, but 
that at this level there was a sharp change of tint, the liquid above being 
yellowish or without colour. Presumably, free oxygen was present at the anodic 
zone in insufficient quantities to produce oxidation to the ferric state. The 
green liquid from the lower levels, when shaken with air and allowed to stand 
for 30 minutes, became brown. 

To determine the oxygen-concentration at the upper and lower levels, an 
apparatus was used similar to that employed by Rischf ; a sample from the 
desired spot was withdrawn by moans of a capillary tube and passed through 
a filter into a vessel filled with oxygen-free nitrogen, and the oxygen present 
was estimated by the Winkler method Experiments were made with a 
specimen of steel H 30 of standard size which had stood in the usual position 
in 0*1 N potassium chloride for 48 hours. It was found that the uppermost 

♦ 1 Proo. Roy. Soo.,’ A, vol. 131, p. 356 (1930). 
t' Biochem. Z.,’ vol. 161, p. 465 (1925). 
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17 c.c. of the liquid contained oxygen to an extent of only 3*62 per cent, of 
the saturation value, whilst absolutely no oxygen could be detected in the 
17 c.c. drawn from the bottom. The surprisingly low oxygen concentration 
even in the portions of the liquid relatively near the air-water interface sug¬ 
gests that the mass of the liquid must have ascended from the lower levels 
where there is sufficient formation of ferrous hydroxide to absorb oxygen. 
The high specifio gravity of the ferrous chloride solution—concentrated over 
the anodic surfaces owing to the low mobility of iron ions—suggests itself as 
the cause of the circulation. A heavy iron salt solution descending down the 
metallic surface might well cause oxygen-exhausted liquid to ascend elsewhere. 

Special experiments showed that the alkali produced at the upper portion 
of an ordinary corroding iron specimen also sank, probably being dragged 
down through the circulation set up by the sinking of the ferrous chloride. 
In fig. 8 is shown the distribution of alkali, shaded regions, at different times 
after immersion, for an H 30 specimen immersed in 0*1 N potassium chloride 
containing a little phcnolphthalem. 



Fia. 8 . — Distribution of alkali (shown shaded) during course of oorrosion. 


The Relation between Corrosion Velocity and Salt Concentration .—The con¬ 
centration of oxygen in the solution near the effective cathodic area, that is, 
m the meniscus, will bo practically equal to the saturation value, C # . Then 
if, at any time, an amount x of the oxygen adsorbed on the cathode surface is 
m such a position or m such a state that it will immediately react with any 
hydrogen atoms deposited,* we may write— 

Rate of formation of “ active ” oxygen = kjC B . 

Rate of decay of “ active ” oxygen = 

Rate of reaction of “ active ” oxygen = p = t/F , 

* Cf. Pietsoh and Joaephy, * Z. Elektroohem.,' vol. 37, p. 823 (1031); Pietsoh, Gtosm- 
Eggebreoht and Roman, 4 Z. phya Chem.,' A, vol. 157, p. 363 (1931). 

2 B 
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where i ie the current in amperes, and k t are constants depending on the 
nature of the metallic surface and on the solution, F is Faraday’s number, 
and p is the reaction velocity expressed in gram-equivalents per second. 

In a steady state 

P = (1) 

At high salt-concentrations, where the conductivity is good, and the e.m.f. 
needed to drive the current, t, through the circuit is small, the cathode potential 
(c fl ) will be only very slightly higher than the anode potential (e fl ), and the 
amount of active oxygen needed to give this sbght elevation of the potential is 
clearly small. Thus, in sufficiently concentrated solutions, k^c will be small 
compared to k x G at and in this special case 

P = *iC„ (2) 

consequently, the corrosion-velocuty should vary with the oxygen solubility.* 

To test this point, the corrosion velocity has been plotted, fig. 9, against the 
oxygen solubility under air at 760 mm., and it will bo seen that, within experi¬ 
mental error, the points fall on straight lines passing through the origin. At 
low oxygen-solubilities—high salt-concentrations—only one point falls further 
from the straight line than would be accounted for by experimental error; 
this is the point- referring to 3 N sodium chloride, marked as an asterisk on 
fig. 9 The irregular position is not surprising, since this concentration gives 
an abnormal distribution of corrosion. The commencement of the departure 
from linear form when the salt-concentration becomes lower, is shown by the 
last points on two of the curveR It is evident, of course, from figs. 6 and 6 
that there cannot be even an approximate proportionality between p and 0, 
below about 0*5 N salt concentration, since over this range p is increasing 
with the concentration whilst C 4 is falling with it. Evidently the complete 
departure from proportionality over this range is due to the fact that the 
low values of the specific conductivity necessitate an appreciable difference 
between t e and c 0 , in order to force the current, pF, through tho cell. The 
higher value of t $ involves a value for x such that k^c is not longer small 
compared to and thus the linear relation fails. 

Over the lower range of concentration, the value for c, — t x at any given 
concentration should be that which would force the corrosion current through 

* Cf. Friend and Barnet, * J. Iron Steel Inst./ vol. 91, p. 350 (1915); also Bengough, 
Ue and Wonnwell, * Proo. Roy. So©.,’ A, vol. 134, p. 324 (1931). 
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the resistance of the liquid path, which becomes higher and higher as the 
solution becomes increasingly dilute, according to the equation 



where fc 3 is the cell constant depending on the relative position and sizes of 
the anodic and cathodic areas, F is Faraday's number and a the specific con- 



OtCONTENl of SOLUTION SAT MR at % OHM (CC per LITRE ) 
Fio. 9.—Relation between corrosion velocity and oxygen solubility. 


ductivity of the liquid. In fig. 10, s c — e a is plotted against pF/<y, and the 
linear form shows that the value of the cell constant, & 3 , is approximately 
independent of the concentration over the range under consideration ; its 
value is 0 322 cm." 1 . 

A knowledge of k z makes it possible, to investigate the question as to whether 
the cathodic reaction proceeds equally over the whole of the uncorrodcd area 
or is confined to certain parts. A specimen of steel II 30 of tho usual size 
was cut into two halves in the manner shown in fig, 11, the cut following the 
edge of the region which suffers corrosion m the ordinary experiments. The 
two parts were mounted separately, m 0-01 N potassium chloride, the slit 
intervening being about (M cm. The resistance of the whole system was 
then measured by tho usual bridge method, an audio-frequency valve oscillator 
being employed as the source of alternating current. The combination gave a 
resistance far too low for the cell constant in question, and successive layers 


2 b 2 
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were out off the upper portion along horizontal lines, shown dotted m fig. 11, 
until a cell constant of 0*322 was obtained. This occurred when the upper 




F io. 11.— Arrangement for determining distribution of current on the unetched area. 

portion, representing the “ cathodic area,” had been cut to within 0*2 cm. 
of the water-line. At that stage, the exact shape and position of the lower 
portion, representing the anodic area, did not greatly affect the value of the 
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cell constant. On the other hand, the result was altered considerably by 
variations in the dimensions of the upper portion, representing the cathodic 
area. 

The experiments suggest that, under natural corroding conditions, when the 
current is unidirectional, practically the whole of the cathodic reaction is 
confined to the neighbourhood of the meniscus, and that the constriction 
of the current path zn this neighbourhood accounts for most of the resistance 
of the circuit; under alternating-current conditions, where no depolariser is 
needed, the constriction will not occur. The fact that the meniscus zone is 
the only part of the specimen which is likely to be kept replenished with oxygen 
makes this conclusion very reasonable. Moreover, a good explanation is 
obtained for the curious observation, already recorded, that anomalous 
specimens which show abnormally large anodic areas owing to the development 
of central weak-points, nevertheless show the same velocity of corrosion as 
other specimens which do not develop corrosion in the central area. 

The derivation of the corrosion-velocity over the lower range of concentra¬ 
tions can best be expressed by the graphical method used by one of us in a 
previous paper.* In fig. 12 are shown diagrammatically the variation of the 
anodic (A) and cathodic (C) potentials with the current passing. Curves A l 



CURRENT 

Via. 12.—Derivation of oorrosion current from cathodic and anodic polarisation ourves 

(schematic). 

* 4 J. Franklin Inst.,* vol. 208, p. 45 (1929). 
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and Cj refer to a concentrated solution of high conductivity; here the liquid 
resistance, and hence the requisite e.m.f. (E x ) for the corrosion current, is 
very small, and the current flowing will be given approximately by the inter¬ 
section of the cathodic and anodic curves C x and A v As the concentration is 
reduced (curves A 2 and C 2t A 3 and C 8 , A 4 and C 4 , etc.) the increase in oxygen- 
solubility raises the position of the cathodic curve and shifts the intersection 
point forward. There is also a small rise of the anodic curve, but this is 
negligible down to about 0-2 N, compare fig. 7 At these high concentrations 
—as already shown—the corrosion velocity, and therefore the current, is 
proportional to the oxygen solubility. But as the concentration, and therefore 
the conductivity, falls, the value of the current flowing lags more and more 
behind the intersection point, since an increasing residual e.m f (E 4 , E 6 , etc.) 
is needed to overcome the resistance; furthermore, below about 0-2 N the 
anodic curve rises appreciably and moves the intersection point itself back 
along the current axis. Through both these causes the current is diminished. 
In the general case, the value of the current flowing ( 1 ) is such that the vertical 
distance between the appropriate cathodic and anodic curves represents a 
potential drop (E) just sufficient to force the current in question through the 
liquid circuit. Soc curves A and C m the right-hand part of fig. 12. 

If the cathodic polarisation curves are assumed to be straight lmes, then 



where K is a constant depending on the oxygen solubility, and is the value of 
e # for the condition % = 0 . 

To determine dtjdi, the arrangement shown in fig 13 was usod. A fresh 
specimen of iron E 31 was cut into two portions representing the cathodic and 
anodic areas as previously obtained. The cut edges of the cathodic portion 
were protected with the mixture of gutta perclia (28 parts) and paraffin wax 
(72 parts), suggested by MacNaughtan and HothersalTs work.* The two 
portions were mounted in the normal position in a beaker and connected 
externally through a circuit of low resistance. This “ divided specimen ” 
was then exposed to potassium chloride solution m the ordinary way, tubuli, 
not shown in fig. 13, being inserted so that the potentials of the upper and 
lower portions could be measured. After a few trials, it was found possible 
to construct specimens in which the lower part was corroded over its entire 
surface, while the upper part remained entirely unattacked. After 48 hours, 

♦ ‘ Trans. Faraday Soo.,’ vol. 26, p. 163 (1930). 
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measurements of the current (i) flowing at various applied e.m.fs. were made, 
together with simultaneous measurements of the potentials at the anodic and 
cathodic parts of the divided specimen. Thus tlzjdi and dejdi were deter¬ 
mined. It is significant to find that, the current measured, when no e.m.f. 
wus applied, accounts for the whole of the corrosion of the anodic area as 
measured by estimation of iron in the corrosion-product; furthermore, the 
conosion of the cut specimens is not much less than that found on uncut 
specimens ; indeed at 0*01 N there is very satisfactory agreement, Table VII. 
This indicates that, at these concentrations, the disturbance due to cutting 



FlO. 13. —Arrangement for determining polarisation cum*. 

stresses and the protection oi the edges is not very serious—a conclusion which 
accords with the view, pieviouslv reached, that practically the whole depolarisa¬ 
tion and the greater part of the resist anee oi < m ^ < lose to the meniscus. Experi¬ 
mental measurements, of e c , s a , and t at 0 * 0,1 N concent ration are shown in 
fig 14 Similar curves were obtained m 0 005 S and 0 01 N potassium chloride. 
All the cathodic curves were found to he stiuight lines of the same gradient, 
within the experimental error, ex< ept in the ease ot one specimen at 0dX)5 N 
concentration, indicated by an indensk in Table VII. This specimen also 
showed completely abnormal values of the potential when the circuit was 
broken ; it has therefore been neglected m the following calculations. Attempts 
to carry out experiments with divided specimens at 0*5 N concentration failed, 
since corrosion started at points on the uppei segment. 
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Mean ! —2 52 | +0 16 -0 137 
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The results of the polarisation experiments are summarised in Table VII, 
which gives the gradients of the curves and the intercepts of the cathodic curves 
on the potential axis (K in equation (4)). The last column shows the value to 
which the cathodic potential rose when the circuit was broken, i.e., when the 
current was zero. It is invariably a little higher than K, showing that the 
cathodic curves fall ofl slightly from the linear course at low values of t. 



FlO. 14.—Cathodlo and anodic polarisation curves for iron E 31 in 0-05 N potassium 

ohloride. 

Since the variation of oxygen-solubility in the three solutions used is very 
small, it is legitimate to take a mean value of K for use in equation (3) over the 
range of low concentrations. (The “ scatter ” of the values for K as given m 
Table VII may appear large, because they represent measurements from a 
completely conventional zero , calculation indicates that the ma xim um scatter 
for the value of % occasioned thereby will be 8 per cent., whilst the probable 
error will be considerably smaller.) In testing equation (3), K and dtjdi 
are found from the cathodic polarisation curves; thus if is known, % y and 
hence the corrosion velocity, p, can be calculated. Table IV and fig. 7, curve 
C, give the values of for iron E 31, over the range of low concentrations. 
The calculated corrosion velocities for this series have been plotted in fig. 
16, along with the observed corrosion velocities for the series previously shown 
in Table IV and fig. 5. The close agreement between observed and calculated 
values is perhaps a little surprising, being well within the experimental error 
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which was anticipated. It should be uoticed that the calculated values are 
derived solely from electrical measurements, and do not introduce any arbi¬ 
trary constant derived from an actual knowledge of the corrosion velocity 



Fig. 15.—Corrosion of iron E 31 in dilute potassium ohlonde (a) observed by weight loss, 
(b) calculated from purely electrical data. 

under certain conditions. At higher concentrations, the agreement, for a 
variety of reasons, is less good, but over this range of concentrations a reason¬ 
able interpretation of the results has already been given. 

The good agreement between theory and experiment over both ranges 
provides confirmation of the eleetioeliemical mechanism of corrosion developed 
in this paper This refers to conditions where there are well-separated 
unodic and cnthodic areas. Doubtless under the conditions observed in the 
work of Bengough and his colleagues, new' considerations arise, owing to the 
more rapid mixing and interaction of the cathodic and anodic products ; the 
treatment cannot be applied to such eases, at least m its present simple form. 

Summary . 

Measurements have been made of the corrosion velocity of vertical specimens 
of iron and steel m potassium chloride, sodium chloride, sodium sulphate and 
other salts. The corrosion-time curves are linear and the temperature 
coefficient is rather low. Curves connecting corrosion-velocity with salt 
concentration show a maximum velocity at about 0*6 N ; the area of the 
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corroded region is, however, smallest in the range of most rapid corrosion— 
an apparent anomaly which is easily explained on the protection mechanism 
suggested in a previous paper. In the range of high concentration, the 
corrosion is proportional to the oxygen-solubility—a fact which receives a 
simple theoretical interpretation. At low concentrations, it falls far below 
the value calculated from the oxygen-solubility, evidently owing to the neces¬ 
sity of providing an e m.f. to force the electric current through the circuit, 
which at these low concentrations has a considerable resistance. The potential 
at the anodic and cathodic areas has been measured in potassium chloride 
solution. The corrosion-rate is found to be proportional to the current which 
the measured c.m f would force through the resistance of the circuit. 

Specimens, cut along the lme separating the corroded and uncorroded 
portions (the two parts being connected externally), have been found to be 
attacked at rates only slightly below the corrosion-rate of untut specimens, 
and the electric current directly measured was found to be equivalent to the 
corrosion-rate. Polarisation measurements have been obtained which make 
it possible to calculate the corrosion-velocity over the lower range of con¬ 
centration where the proportionality to oxygen-solubility fails, and satisfactory 
agreement has been reached between ( 1 ) the numbers derived by combining 
these polarisation results with potential meusurements, and (n) the numbers 
obtained by measuring the loss of weight caused by the corrosion. 

The agreement between the gravimetric measurements and the purely 
electrical data makes it certain that the corrosion is connected with differential 
aeration currents set up between a cathodic area along the water-line, and an 
anodic area along the bottom and sides of the specimens Bengough’s con¬ 
tention that the importance of Differential Aeration has been exaggerated is 
based on researches carried out with horizontal specimens placed under con¬ 
ditions apparently chosen to reduce Differential Aeration to a minimum, and 
can hardly be held to apply to the vertical specimens studied by the present 
authors in this and previous researches. 

We wish to thank the Department of Scientific and Industrial Research for 
a grant, and Sidney Sussex College, Cambridge, for a Research Scholarship, 
awarded to one of us (T. P. H.). Our thanks are also due to Mr. A. J. Berry 
for advice regarding the estimation of iron with ceric sulphate, to Dr. J. J. 
Fox for information regarding methods of estimating oxygen, and finally to 
Professor Sir Harold Carpenter for his kindness in communicating this paper. 
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On the Absorption Spectrum of Sulphur Tnoxide and the Heat of 
Dissociation of Oxygen. 

By Arun K. Dutt, Physics Department, Allahabad University. 

(Communicated by M. N. Saha, F.R.S.—Received February 29,1932 ) 

Much work has been done by different workers on the heat of dissociation 
of oxygen and in the present work I have tried to determine this value from 
the continuous absorption spectrum of S0 8 -vapour. 

Experiment. —The absorption spectrum of the sulphur trioxide vapour was 
obtained with a hydrogen discharge tube as the source of continuous light. 
The photograph was taken on a Leiss quartz spectrograph. The S0 8 -vapour 
was prepared by distilling pure fuming sulphuric acid, the gas thus obtained 
being collected in a glass absorption tube, fitted with quartz ends. The ab¬ 
sorption was found to be continuous, beginning from the long wave-length 
oa. X 3300, with no trace of bands which could be assigned to S0 3 , just as in 
the case of saturated halides. Different lengths of the tube as well as different 
pressures were tried with no appreciable change in the position of the long 
wave-length limit. As the S0 8 -vapour is normally partly dissociated into 

50 2 and O a , generally some bands of the SO a gas appear. These can be 
easily eliminated by comparison with the absorption spectrum of SO!. But 
it is possible to eliminate the SO a bands from the plate by putting an excess 
of oxygen in the absorption chamber, and then filling it up with S0 8 -vapour. 
According to the law of mass action the partial pressure of S0 a is very con¬ 
siderably reduced by the addition of 0 a , hence the bands due to S0 a are expected 
to become weakened : this was found to be the case. 

From the above experiment, I have found that at ordinary pressures, the 

50 3 gas completely cuts off light from the long wave-length limit of X 3300 A, 
but if the partial pressure of S0 8 bo reduced there appears in addition a short 
patch of retransmitted light from X 2600 A to ca. X 2300 A; after X 2300 
the light is again completely cut off. These facts can be explained m the same 
way as in the case of absorption by bromides and iodides of alkalies. We 
can assume that in the first process of absorption S0 3 decomposes into SO t 
and normal oxygen (O — 8 P), in the second process the oxygen atom set free 
is in an excited state. We may identify this state with 1 D I of oxygen. The 
processes can be written as;— 

SO, + wm S0 t + 0 (*P) 
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and 

SOg + ^ V S300A “ S0 2 4“ 0 (^fl)* 

Now, X 3300 A, corresponds to 86*7 k.cal., and X 2300 A to 125 k.cal. 
Hence, we get (0* denotes excited state, 0, norma] state) *— 

0* - 0 = 38 k cal. 

=-1*65 volts. 

According to Frerich,t 0 — 0 ( 3 P) = 1*90 volts. Our value is, therefore, 

0*25 volt lower than tho expected value. I have been unable to account for 
this discrepancy, but I may point out that V. HennJ got the same value m his 
study of the absorption spectrum of N0 2 For this gas, he gets two pre¬ 
dissociation limits at X 3800 and X 2459 respectively, and explains this by the 
assumption that the limit at X 3800 corresponds to pre-dissociation of NO* to 
NO and normal oxygen atom, the other limit at X 2460 corresponds to dis¬ 
sociation to NO and excited O-atoms The energy difference between the two 
comes out to be 1 *7 volts, just as in my experiment. Further experiments are 
being undertaken to clear up these difficult points. 

We have from the present work, 

S0 8 + 86*7 k cal -=S0 2 + 0. (1) 

Now, we have the thermochcmical relation*^ 

(S0 a ) + 91*9 k.cal. - [S] + j(0 2 ) (2) 

(S0 2 ) + G9-3 kcal. = [SI + (0 2 ). (3) 

Hence from (1) and (3) we get, 

t 

(SO,) + 86-7 k cal. = [S] -j (0 2 ) + (0) - 69-3 k cal. (4) 

Substituting for (SO,) from (2), 

[S] + i (0 a ) = [S] + (0 2 ) + (0) - 69-3 - 86-7 + 9f9 k < al. (5) 
or 

i (O,) = (0,) + (0) — 64 • 1 k.cal. 

or 

(0,) = 2(0) -128-2 k.cal. 

i.e., the value of D 0 . = 128-2 k.cal., where Do, denotes the heat of dissociation 
of oxygen, which corresponds to 5-57 volts. 

t' Phya. Rev.,’ vol. 36, p. 398 (1930). 
t ‘Nature,’ vol. 125, pp. 202, 276 (1930). 

$ Landolt and BOms tern's tables, p. 1494. 
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Discussion .—The heat of dissociation of oxygen has been determined by a 
large number of investigators as shown in the following table. 


Table I. 


(1) Calonmotno methods- - 

Rodebusk and Troxe 1* 
Copclandt 

(2) Predipsociation methods- 

Mieoke and Noma 14 
flenn 

Kondratjew§ 

(3) Absorption bands of 0,— 

Birgo and Sponer[| 

IhrgeK 

Herzberg** 

(4) Investigations with O/one— 

Warburgft 

Bom and (lerlachtt 

Kassel!^ 

(5) Ionisation potential of 0 8 — 

Hognoss and JAmii 1 ' 1 ! 


k.oal 

131 

131 

128 

128 

120 

102 

128-160 

118 

138 

102 

115-120 


* 4 J. Amet Chem Soc / vol 52, p. 3467 (1930) | ‘ ^ys Rev / vol. 36, p. 1228 (1930). 
J 4 Naturwiss \ol 51, p 996 (1930) § 4 Z phys Chem / B, vol. 7, p. 70 (1930). || 4 Pliys. 
Rev./vol 28, p 269(1926) f ‘ Phys Rev ,* vol 34, p 1062 (1929). ** 4 Z. phya Chem./ B, 
vol. 10, p. 189 (1930)- tt ‘ ^ Kleofcrochem / vol 26, p. 68 (1920). Jt 4 Z. Physik/ vol. 6, 
p. 433 (1921) ^ Phys Rev./ vol. 34, p. 817 (1929) il|| 4 Phys. Bov./ vol. 27, p. 733 (1920). 


It will bo seen that the value obtained by me agrees with that determined 
by direct calorimetric methods as well as from the discussion of the pre¬ 
dissociation spectrum by Mecko and Henri (Zoc. at.). It should be pointed out, 
however, that my method is entirely distinct from the predissociation methods 
and less open to objections which have been raised against many of the former 
methods. 

We shall first discuss the thermal methods. In Copeland’s (Joe. dt.) experi¬ 
ments, oxygen contained in a cylinder was partially atomised by an electrode¬ 
less discharge and the mixture of molecules and atoms was allowed to effuse 
through a small capillary against a platinum calorimeter where, owing to the 
catalytic action of the platinum surface, the atoms combined to form the 
molecule and the heat of formation was imparted to the calorimeter. Then, 
from a discussion of the rates of flow and the amount of heat delivered to the 
calorimeter the heat of dissociation can be calculated. This method has 
yielded, according to 0. W. Richardson, f the most correct value for the heat 
of dissociation of hydrogen, namely, 107 k.cal. Rodebush and Troxel (loo. 
dt.) independently, by following a method very much like that of Copeland 


f * Trans. Faraday Soo./ vol. 25, p. 686 (1929), 
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obtained a value of 131 k.cal. In the case of oxygen, however, an element of 
uncertainty is introduced by the fact that all the atomised oxygen may not 
be in the normal state. Rodebush and Troxel say that there is no evidence 
that any metastable atom reaches the calorimeter, but they have not given any 
argument m favour of their statement, and it seems unlikely that metastable 
atoms which differ from the 3 P state by a comparatively small energy 
value should not be produced in an electric discharge. In the case of hydrogen 
this uncertainty is less likely to occur as the hydrogen atom has no metastable 
state, and the excited states have much larger energy values, and if they occur 
at all, they do so in very minute proportions. 

As for other methods, Norrishf found that photochemical reduction of N0 2 
starts with light of wave-length X 3700 A. Following Turner he produced 
further evidence that photo-decomposition of NO t into NO and 0 sets in just 
at this limit by showing that no fluorescein c takes place in N0 2 by illumination 
of this gas with light of shorter wave-length. From this data, Mecko (loc 
cti.) calculated D ( > t in the following way:— 

NO a + 77 k cal. - NO (-0, 

where 77 k.cal. corresponds to X 3700 and the action of light consists in decom¬ 
posing N0 2 to NO and 0 m the normal state. ThermochemicalJy we have 

N0 2 + 13 k.cal = NO + \ (O t ). 

Hence, 

64 k.cal. = 0 — £ (0 a ) 

therefore 

D 0i = 128 k.cal 

V. Henri {loc. cat.) studied the absorptions spectrum of N0 2 and showed that 
there is band absorption beginning at X 4400 A, and they become diffuse at 
X3700. His work therefore justifies Mecke’s calculation of D 0t . It should 
be pointed out that the absorption of N0 2 is different from that of 30 a , because 
S0 3 like the alkali halides shows no bands at all. The same procedure was 
applied by Henri to SO, and the same value of D 0| was obtained. 

Kassell (loc. at.) has made use of the ummolecular decomposition of ozone 
to calculate a value for the heat of dissociation of oxygen. He says that if 
the reaction be really homogeneous and if the not very well-known heat of 
formation of ozone is utilised the value for Do, should be within the narrow 


t • J. Chem. Soo./ p. 761 (1927). 
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limits of 5-0 volts to 5*5 volts. Evidently the method is not capable of great 
accuracy. 

These values are at variance with Birge and Sponor’s (he. cit.) determination 
of the heat of dissociation of O a from band spectrum data As these band 
spectra are of a complex nature, a detailed discussion of them is not possible 
here, and as Birge is continuously shifting his ground, it is not possible fully 
to discuss his data. He seems finally to have taken the stand that the heat of 
dissociation of oxygen molecule into the two normal atoms is between 5*6 to 
6-4 volts. Herzberg (loc. cti ) starts from Birge s earlier point of view that the 
heat of dissociation of the excited 0 2 molecule (corresponding to the upper 
limit of the Runge-Schumann bands) is 7*05 volts. Assuming that m the 
excited state the 0 2 molecule breaks up into a 3 P atom and one *D 2 atom, and 
taking into account French’s value of the energy difference between 3 P and 
*D 2 states of the 0 atom, he finds the heat of dissociation of 0 2 mto two normal 
atoms to be 7*05 — 1 *9 = 5*15 volts. Evidently Franckf seems to have 
accepted this value Herzberg (he. cut.) explains the discrepancy between his 
value and the predissocmtion value by assuming that the predissociation 
value always marks an upper limit, for, he says, the components dissociate 
with considerable kinetic energy. His argument seems to be rather forced 
as the following cnticism will show. The predissociation, according to the 
ideas at present accepted, is due to radiation-less transition between two 
potential energy curves, one of which has contmuous term values. Herzberg, 
by applying the Franck-Condon principle here, suggests that the transition 
does not take place below the point of intersection of the two upper curves 
(vide Herzberg, loc . cti.) If that be so, the transition above the point of inter¬ 
section should from a similar reason be debarred. That would cause diffuse- 
ness in a very short region of some band, contrary to observed facts. Then 
again, it has been found that in the case of S 8 (Henri, loc dt ) the heat of dis¬ 
sociation calculated from predissociation data agrees remarkably well with 
values obtained from thermochemical measurements. Also it is difficult 
to explain why the values for Do, obtained from the predissociation spectra 
of NO t and SO a should turn out to be exactly the same and should so closely 
agree with the thermochemical values and the value obtained in the present 
investigation. Evidently, the suggestion that pre-dissociation values give 
only an upper limit for the heat of dissociation needs further revision. 

One word should be said about the determination of D 0| values by Birge 


f ' NaturwiBs./ vol. 10, p. 217 (1931). 
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and Sponer, on whose values Herzbcrg has placed so much reliance. It 1 b 
well known that the evaluation of the heat of dissociation by Birge and Sponer’s 
extrapolation method does not give sufficiently accurate values. The values 
obtained for Njf and CO had to bo modified very largely. In the case of O t 
they utilised partly the emission data of Runge and partly the absorption data 
of Leifson and others. Neither of these two bands has been thoroughly 
investigated and proved to be parts of the same band. Birge and Sponer simply 
relied on a suggestion of Mulliken, which has not yet been tested. In fact, 
HopfieldJ announces the discovery of a new set of bands due to 0 # m the 
Schumann region which are different from the Rungc-Schumann bands. Hence 
the whole procedure seems to be unjustified. 


Summary. 

(а) The absorption spectrum of S0 3 has been investigated between X 6000 A 
to X 2000 A. The absorption is continuous, beginning from X 3300 A and 
extending up to X 2600 A. At X 260t) A the absorption disappears and light 
is again transmitted up to X 2300 A, where again absorption begins After 
this up to X 2000 A there is complete absorption. 

(б) The heat of dissociation of oxygen has been calculated from the beginning 
of continuous absorption at X 3300 A to be 128 k cal. and considering the re¬ 
transmission, the excitation energy of the oxygen atom is 1*65 volts. This 
does not agree with the 3 P — X D 2 value obtained by French, but supports 
Henri's value of 1*7 volts obtained from predissociation'spectra of N0 t . 

(c) Other methods for obtaining the heat of dissociation of oxygen have been 
criticised. 

[Note added m proof June 9, 1932.—If the considerations presented in the 
paper be correct then S0 3 gas illuminated by light of wave-length less than 
X2300 should decompose photochemically into S0 2 and O ODg). This 0 
( 1 Dfi) l if it is not allowed to collide too frequently with other atoms, should 
spontaneously revert to the normal s P-state with the emission of the for* 
bidden lines X 3600, X 3664, X 3691, observed by Paschen and Frerichs. 
Owing to the nature of transition and probability of radiationless transfer of 
energy due to collisions, the intensities of the lines would be very small At 

f The value obtained for N, by Birge and Sponer’s method was 11*5 volts while from other 
considerations the correct value is about 9*3 volts. This has been discussed by Henbeig. 

t * Phys. Rev.,’ vol. 36, p. 789 (1930). 
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the suggestion of Prof. Saha, I tried the experiment by taking a long column 
of S0 3 gas at very low pressure, illuminating with the Cadmium arc, and 
observing the emission from the illuminated gas with a glass spectrograph. 
After 30 hours' exposure a faint line appeared in the expected position, but 
owing to smallness of dispersion I could not be sure of the wave-length. 
The experiment is being repeated.] 

I beg to offer my sincere thanks to Professor M. N. Saha, F.R.S., for his kind 
interest and valuable suggestions during the course of this work. 


Polarisation Measurements on Basic Beryllium Acetate and 
Beryllium Acetylacetonate . 

By John William Smith and William Bogie Angus. 

(Communicated by F. 0, Dorman, F.R.S.—Received March 17, 1932 ) 

(The Sir William Ramsay Laboratories of Inorganic and Physical Chemistry, University 

College, London.) 

1. Introduction. 

An investigation of organic beryllium compounds is being carried out by one 
of us (W. R. A.) with a view to obtaining information regarding their molecular 
configuration and a study of their molecular polarisations suggested itself 
as a means of deciding whether or not these compounds are spatially sym¬ 
metrical. No previous attempts appear to have been made to measure the 
dipole moment of compounds of this type; other physical measurements have 
been made and will be discussed in a later section. In the present investiga¬ 
tion measurements have been made in benzene and carbon tetrachloride 
solution, but in both solvents the compounds are only sparingly soluble. 

2 . Purification of Materials. 

Beryllium Compounds .—Small quantities of basic beryllium acetate and 
beryllium acetylacetonate were very kindly supplied by Professor 6. T. 
Morgan, F.R.S., and Dr. S. Sugden, and our best thanks are due to them. The 
melting points of the compounds were in accord with the values quoted at 
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the literature : acetate, m p 285° C ; acetylacetonatc, m.p. 108*5° C. Micro- 
chemical analyses, carried out by Dr. Schoellcr, in Berlin, gave the following 
table .— 


Microehemical Analyses 



Beryllium acetate 
Bc 4 (>(CE,000), 

Beryllium aoefiylacetonate 
Be(C,H t O,) l . 



Found 

Required. 

Found 

Required 

Carbon 

i 

35 U 

35 4(1 | 

36 06 

57 94 





57 09 


Hydrogen 


4 31 

4 40 

0 73 

6 61 





6 79 



Benzene .—Benzene of the ‘ Extra Pure for Molecular Weight Determination M 
grade, supplied by the British Drug Houses, was recrystallised twice and then 
dried over sodium wire. It was then fractionally distilled and further dried 
over fresh sodium until the latter retained its bright lustre No trace of 
thiophene could bo detected 

Carbon Tetrachloride. —Pure commercial carbon tetrachloride (Hopkins 
and Williams) was repeatedly shaken with concentrated sulphuric acid, washed 
with water, shaken four times with 2N sodium hydroxide and again washed 
with water. It was allowed to stand over anhydrous potassium carbonate 
for 21 hours and was then fractionally distilled in an all-quartz distillation 
apparatus kindly lent by Dr. John Farquharson. The fraction boiling at 
76*8° C was collected and dried over stick potash. 

The methods given by Newcomb* for detecting small amounts of phosgene, 
carbon disulphide, sulphur chlorides, aldehydes and other organic substances 
were applied. No trace of any of these impurities was found. To ascertain 
whether a minute trace of ch loro form was present a sample of the fractionated 
carbon tetrachloride was heated with Fehlmg’s solution at G0°-7() J C for several 
hours with vigorous shaking from time to time.f There was no reducing action 
and therefore no trace of chloroform. 

3. Methods of Measurement . 

The dielectric constants of dilute solutions were measured by the resonance 
method previously described.f A double-walled cylindrical glass vessel, 
* 1 Analyst,’ vol 49, p. 225 (1924). 

t Ingold and PowoU, 1 J. Chem. Soc.,’ vol. 119, p. 1227 (1921). 
t Smith, J. W M 4 Proe. Hoy. Soc.,* A, vol. 136, p. 251 (1932). 


2 c 2 
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heavily silvered on the inside ho an to form parallel conducting plates, was used 
as test condenser. This condenser was connected m parallel with a calibrated 
Sullivan standard variable* air condenser (capacity 50-250 p.(iF) forming part 
of the resonance circuit; and against this standard condenser the capacity 
of the test condenser, containing air, pure solvent, or solution, was measured 
differentially. The test condenser was placed in a water thermostat and 
resonance points were determined at different temperatures. 

Polarisations for optical wave-lengths were calculated from refraotivity 
measurements on the solvents and solution, and compared with the polarisa¬ 
tions for Hertzian wave-lengths calculated from dielectric constant data. The 
refractive indices were measured for the mercury green line (5461 A ) by a 
Pdfrich refractometer kmdly placed at our disposal by Professor C. K. Ingold, 
F.R.S. 

Density measurements of pure solvents and solutions were made at those 
temperatures at which resonance'points and refractive indices were determined, 
using a 50 c.c. specific gravity bottle 

4 Dielectric Constant Data for Beryllium Acetylacetonate. 

Owing to the small quantity of this substance at our disposal it has been 
possible to measure only one solution m carbon tetrachloride. Resonance 
points were determined at 20°, 25°, 35° and 45° C for the test c ondenser 
containing air, pure solvent and solution, and the equivalent capacities were 
read direct from the calibration curve for the standard condenser. The lead 
capacities were assumed to be constant and Hartshorn and Oliver's* value of 
2-2725 for benzene at 25° G. was taken as the standard dielectric. 

The molecular polarisation P r of the solute was calculated from the modified 
Clausius-Mosotti equation applicable to solutions. The significant data are 
collected in Table I, where f x denotes the mol fraction of solute and e and p 
the dielectric constant and density of the solution, respectively. 


Table I. 


Temperature; 

20 

Carbon 

tetra¬ 

chloride 

O 

Solution. 

Carbon 

tetra¬ 

chloride 

Solution. 

35 

Carbon 

tetra¬ 

chloride 

1 

i 

Solution. 

45 

Carbon 

tetra¬ 

chloride 

Q 

\ 

Solution. 

/, 


0 00908 

l 

0 00908 

_ 

0 00008 

_ 

0 00908 

c 

2 240 

2 254 

2 230 

2 245 

2 207 

2-226 

2 188 

2 206 

p 

1 59309 

1*58406 

1 58356 

1*57370 

1*56392 

1 65606 

1 64232 

1 53485 

r, 

i 1 

82 1 


84*6 

: 


80 5 


86 9 


1 Proc. Roy. Soc.,’ A f vol. 123, p. 664 (1926). 
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5. Dielectric Constant Data for Basic Beryllium Acetate 

Two solutions of basic beryllium acetate in benzene (I and II) and one in 
carbon tetrachloride (III) have been measured. In both solvents the compound 
was only sparingly soluble and consequently the possible error in those experi¬ 
mental results is comparatively high Significant data for measurements at 
25° and 45° t\ are given in Table IL 

Table 11. 

Temperature 25' Temperature 45°. 


I *• 

I 





i\. 



Pn 

Boil 7P no 

2 273 j 

| 0 87381 1 

- 1 

2 234 

1 

0 85113! 


Solution [ 

0 001721 2 275 

0 87508, 

132 t> 

2 238 

0 85333 

136 fl 

Solution II 

0 0035b 2 278 

0 87b75| 

133 7 

2 243 

0 85609 

134 0 

Carbon tt tiai blonde 

210 

1 58356, 

— 

2 188 

1 54232 

— 

Solution III 

0 00l03j 2 226 

1 58207 

126 2 

2 187 

1 54110 

120 1 


6. Refractive Index Data . 

The part of the molecular polarisation arising from induced dipoles may be 
identified with the molecular refraction R l of the solute calculated from the 
modified form of the Lorentz-Lorenz equation which is applicable to solutions. 

In order to compare the polarisations calculated m this way with those 
calculated from dielectric constant data, the refractive indices of pure solvents 
and solutions were measured Refractive index tables for 54G1 A. at 15° C. 
were given by the makers of the instrument, but m this investigation refractive 
indices were measured at 25° C. and it was necessary to introduce a temperature 
correction term for the prism This term was obtained from correction tables 
supplied with the instrument by Messrs. Hilger, Ltd. 

The values obtained for the pure solvent were compared with values calcu- 
lated by interpolating the figures quoted in the literature by means of Cauchy’s 
formula 

* - 1 - A + | (6) 

where A and B are constants 

Using this formula the values for 546L A. interpolated from the figures of 
Knops* and Weegmanf for benzene at 25° C. are respectively 1-50214 and 

* ‘ Liebig’s Ann./ vol. 248, p. 175 (1888). 
t * Z phys. Chem.; vol. 2, p. 237 (1888). 
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1*50230; whereas the experimental value obtained was 1-50213, which is in 
very good agreement. 

Table III gives the significant data for the refractive indices and molecular 
refractions at 25° C. where the solutions I, 11, and III are the solutions of 
basic beryllium acetate referred to in Table II and solution IV is the carbon 
tetrachloride solution of beryllium acetylacetonate referred to in Table I 


Table Ill 



Solution 

r.H. 

! ■ 

! !'• I 

U'l, 

Ill | 

1 

1 

1 IV 

' 

/, 

! 

1 

O 00172 

0 00350 | 


0 00103 

0 00908 

V 

i 

1 50213 ! 

1 60147 

1 60109 | 

1 45991 

1 45976 

1 46135 

p 

i 

O H7 IKl 

O K75C8 

0 87075 1 

l 58350 ! 

1 58207 

1 57370 


j 


95 9 

96 9 

1 


11(1 5 

62 l 


7. Discussion. 

An examination of the literature revealed the fait that Tanatar* had deter¬ 
mined the molecular weight of basic beryllium acetate by the depression of 
the freezing point of benzene. We, therefore, decided to measure the dielectric 
constants of benzene solutions, but encountered a surprisingly low solubility. 
The highest concentration obtainable at 18 J C. was just over 1 per cent , 
approximately equal to that used by Tanatar. In order to obtain more 
concentrated solutions we next tried carbon tetrachloride as solvent, but 
unfortunately the solubility was even less. This is very surprising since, 
according to Wirth,t the solubility of basic berjIlium acetate in chloroform 
at 18° (\ is 33 per cent., and as the internal pressures of carbon tetrachloride 
and chloroform are approximately equal, one might expect a i orrespondmgly 
close similarity m their solvent powers. 

Qualitative determinations of the solubility of basic bervlhum acetate 
have been made m various solvents. It was found to dissolve in toluene, 
chloroform, and acetone, but appeared to be insoluble in carbon tetrachloride, 
tetrachlorethane, hexane, and carbon disulphide, all of which are wo/i-polar. 
In the literature it is recorded as soluble also in acetic acid, benzaldehyde, 
molten monochloracetic acid, phosphorus trichloride, ethyl malonate, ethyl 
acetate, and nitrobenzene. According to the qualitative determinations made 

* * J. Rims. ges. Chem., 1 vol. 36, p. 82 (1904); 1 Chem. Zlb., 1 vol. 1, p. 1192 (1904). 
t 1 Z. anorg. Chem*, 1 vol. 87, p. 8 (1914). 
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and to the previous observations, the solubility appears to be related to the 
dipolar character of the solvent, and we suggest tentatively that this may 
account for the sparing solubility in benzene and carbon tetrachloride. 

This sparmg solubility tends to introduce a fairly large experimental error 
in the polarisation measurements. In view of this fact the values of the 
molecular polarisations calculated from the dielectric constant measurements 
must be regarded as very satisfactory for the solutions of basic beryllium 
acetate m benzene and of beryllium aeetylacetonate in carbon tetrachloride. 
A molecule which has a permanent electric moment should have a less molecular 
polarisation at higher temperatures than at lower temperatures. Our results 
are sometimes slightly greatei at higher temperatures, but only by an amount 
which is well within the limits of possible experimental error. We conclude, 
therefore, that the molecules of basic beryllium acetate and beryllium acctyl- 
acctonate possess no permanent electric moment The solution of basic 
beryllium acetate in carbon tetrachloride was so very dilute that we feel there 
is no justification for placing any reliance on the polarisation measurements of 
this solution, in spite of the fact that the molecular polarisations agree fairly 
well with those obtained for a solution of the same substance in benzene The 
molecular refractivities of basic lieryllmm acetate m the two benzene solutions 
(see Table III) agree with one another very closely. 

When, however, we compare the molecular polarisations with the molecular 
refractivities we find that the refractivities are considerably lower both for the 
basic acetate and for the aeetylacetonate as is shown in Table IV, in which 
mean whole number experimental values are given. 

Table IV. 

Compound. Molecular polarisation. Molecular refractivity. Difference. 

Be^CHaCOO), 134 96 38 

Be<C»H,O t ) t 86 62 24 

Bragg and Morgan* have shown that the crystal structure of basic beryllium 
acetate is symmetrical; that the four beryllium atoms are situated at the 
comers of a regular tetrahedron, at the centre of which is situated the unique 
oxygen atom, and that the six acetyl groups are arranged symmetrically along 
the six edges. From parachor measurements on basic beryllium propionate, 

* ‘ Proc. Roy. Soc.,’ A, vol. 104, p. 437 (1923). 
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Bogdan* has suggested the structural formula, fig 1a, using odd electron link¬ 
ages in preference to the formula, fig. 1 b, in which normal two and four electrons 
linkages are used. In the figures only ono of the six interlocking, six-membered 



Fio. 1. 


rings is shown in detail and lines joining atoms each indicate a one-electrou 
linkage. 

Both the formulae answer the requirements of the crystal structure symmetry. 
From the symmetrical nature of the molecule it would appear to be most 
probable that the difference between the molecular polarisation and molecular 
rcfractivity should be attributed to atomic polarisation. Atomic polarisations 
are more pronounced when atoms are linked by electro-valencies than by 
co-valencies. This is borne out, for example, m the series CC1 4 , TiC 1 4 , SnCl 4 f 
where the atomic polarisations increase with the electropositive character of 
the central atom. 

The high value for the atomic polarisation seems to indicate that the struc¬ 
tural formula m which all the atoms are electrically neutral is not an adequate 
representation of the molecule. From the fact that beryllates exist and in 
view of the marked similarity in behaviour between beryllium and aluminium 
compounds, it may be supposed that certain beryllium compounds are ampho¬ 
teric in character. Consequently a charge of —2 on the beryllium atoms 
would not be wholly unexpected. 

Similar arguments are applicable to the alternative structural formula 
for beryllium acetylacetonate, figs. 2a and 2b. Here again polarisation data 
favour the second configuration. 

* “ The Parachor and Valency,” p. 145 (1930); ‘ J. Chem. Soc./ p. 313 (1929). 
t 1 J. Amcr. Chem. Soc./ rol. 51, p. 2051 (1929). 
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From considerations of diamagnetic susceptibility measurements,* the same 
conclusions have been reached regarding the structure of those molecules 



Fia. 2. 


8 . Summanj. 

The dielectric constants and densities of two solutions of basic beryllium 
acetate m benzene have been measured at and 45° C and molecular polarisa¬ 
tions calculated Molecular polarisations have been calculated for a solution 
of beryllium acetylacetonate in carbon tetrachloride from dielectric constant 
and density measurements at 20 \ 25', 35 J and 15° C. Molecular refractmties 
at 25° (A were determined for eucli solution. The molecular polarisations do 
not vary with temperature, but are higher than the molecular retractivities and 
a tentative explanation is given 

Our best thanks are due to Piofessor F 14 Donnan, F U S , for his continued 
interest and encouragement. W K A. desires to record his indebtedness to 
the Ramsay Fellowship Trustees tor the award of a British Fellowship 

* Angus and Farquharson, ‘ Proe. Hoy Soc A, vol 136, p 579 (1932) 
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The Measurement of Pressures Developed in Explosion Waves . 

By Colin Campbell, William Brian Littler, and Clifford Whitworth 

(Manchester University). 

(Communicated by A Lapworth, F R 8 —Received March 17, 1932 ) 

[Plate ] 8 ] 

The measurement of the pressure produced in the “ explosion-wave ” in 
gaseous mixtures is difficult because of the rapidity of movement of the wave 
and the short time for which the pressure over any given area lasts. In 1894 
Dixon and Cam* pointed out that the pressures obtained by firing a mixture 
in a closed vesself did not correspond to pressures in the wave front. Following 
a suggestion of Mallard and Le Chateher, they used a method m which glass 
tubes of known strength were fractured by the explosion-wave, it being assumed 
that " if a pressure is produced in a glass tube greater than it can stand, the 
glass will be broken although the pressure may only last for a very short 
interval of time ” The strength of the glass tubes was found by determining 
the static pressures required to break similar pieces. It was found that throe 
lengths from the same piece of glass tubing required respectively 890, 950 and 
1220 lbs. per square inch to fracture them : the accuracy of the results was 
therefore not very great. Dixon and Cam estimated that the pressure in the 
explosion-wave m C 2 N 2 + 0 2 lay, probably, between 70 and 120 atmospheres 
and that in C a N a + O a + 2N a between 63 and 84 atmospheres. 

Jones and Bower J cast some doubt on the pressures given by Dixon and 
Cam, and suggested that they were the pressures produoed just after detonation 
had been re-established when the explosion-wave had been damped down at 
a junction. The pressure in the wave front of the fully established detonation 
wave in the mixture C a N a + O a was estimated by Jones and Bower to he 
between 58 and 75 atmospheres. 

Dixon§ recorded the fact that Jones and Bower found that the mixture 
C a N a + O a + 2N a produced a pressure between 74 and 93 atmospheres, a 
higher pressure than for the undiluted mixture C 2 N a + O a ; and he con¬ 
sidered their results uncertain. The discrepancy may perhaps be explained 

* 1 Mem. and Proc. Mane. Lit. and Phil Soc.,’ p. 174 (1894). 
f Berthelot and Vieille, * Ann. Chim. phys.,’ vol. 4, p. 14 (1885). 

| * Mem. and Proc. Mane. Lit. and Phil. Soc.,' p. 1 (1898). 
f ‘ Phil. Trana.,’ A, vol. 200, p. 338 (1903). 
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by the observation of Bradley and Browne* that a glass tube which has once 
been subjected to a high pressure may, owing to deterioration of the glass, 
break under a much lower pressure, or even spontaneously. 

In view of these experiments, the method of measuring explosion pressures 
by the breaking of glass tubes cannot be regarded as satisfactory. 

In the present experiments we have tried to measure the pressure in the 
fxplosion-wave by placing across the explosion gallery metal foils of various 
thicknesses. By choosing two pieces of foil, one of which would stand the 
force of the explosion and prevent it proceeding along the tube and a second, 
slightly thinner foil, which was pierced by the explosion, it seemed possible 
to compare the pressures prodiu od in different mixtures , by calibration of the 
foils with static air pressure it was also possible to obtain an approximate value 
for the actual pressure developed in any one mixture 

Ej pet i mental. 

The explosion gallery consisted of a senes of glass and metal tubes, 1 *5 cm. 
internal diameter, arranged horizontally The copper diaphragms, usually 
square pieces, were securely held in the apparatus, shown in fig. 1, between two 


A A 



cylindrical gunmetal flanges, A, by two leather washers, B, internal diameter 
2’2 cm., which could be clamped together by tightening the bolts, C ; the glass 
tubes fitted mto these flanges, gas-tight joints lieing made by means of the 
stuffing boxes and glands, D. After having been evacuated to a pressure of 
0*1 cm. of mercury, or less, by means of a “ Hyvac ” oil pump, the tubes 
were filled with the gas mixture. This was ignited near the closed end of the 
tube system by a spark from the secondary circuit of a coil capable of yielding 
a $-inch spark in air. 

* 4 J. Phy». Chem vol. 8, p. 37 (1904). 
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In order that the experimental conditions should be comparable when using 
different mixtures, it was essential that the explosion-wave should be well 
established before the flame reached the copper diaphragm, and to make sure 
that this had taken place the apparatus was erected in front of a rotating-drum 
camera so that the velocity of the flame before its impact with the diaphragm 
could be determined from the photograph. 

The choice of metal for the diaphragm was carefully considered. Aluminium, 
tin and silver in thin sheets were found to tear during the setting up or evacua¬ 
tion of the apparatus, but copper was found to be very suitable and all the 
results given were obtained with this metal It was found that the static 
air pressures required to break different samples taken from n long roll of 
metal agreed with one another, often to within ] per cent. 

During the course of preliminary experiments, the following observations 
were made -- 

(1) With a lead-glass gallery, bore 1 5 cm., consisting of 250 cm of lead 
tubing followed by 50 cm. of glass, the explosion-wave in electrolytic gas 
(2H a -f- 0 2 ) cut out (“ sheared ”) a clean hole m a diaphragm 0-003 inch thick ; 
a slightly thicker diaphragm, 0-0045 inch, was pierced with a very small hole, 
wlnlst one still thicker, 0*0057 inch, was merely deformed, a fairly sharp conical 
depression being produced. When the mixture C 3 H 4 f 30 2 was used under 
the same experimental conditions, a much thicker diaphragm. 0*0063 inch, 
was sheared. These results suggested that the pressure generated in the 
ethylene mixture was higher than that in electrolytic gas -a result in accord¬ 
ance with calculations based on the theory of Jouguet.* 

(2) The Faraday cement joint between the lead and glass sections of the 
gallery was often cracked by the explosion, and this led to uncertain results 
In the later form of apparatus the lead tube was replaced by one of copper, 
and the metal-glass connection made pressure-tight by means of a stuffing 
box and gland, similar to that on the diaphragm apparatus 

(3) The length of glass tube between the copper tube and the diaphragm was 
found to affect the breaking power of the mixtures. Thus with electrolytic 
gas, the maximum thickness of copper sheared was 0*0045 inch when 18 cm. 
or 100 cm. of glass were used ; with 150 cm. the maximum thickness sheared 
was 0*0057 inch, and no further change in the breaking power of the mixture 
was detected when the length of glass was increased to 240 cm. A similar 
type of result was obtained with the mixture *+- 30 2 . Thus, it would 


* ‘ J. Math, pures appl.,* vol. 1, p. 347 (1905); vol. 2, p. 5 (1906). 
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appear that the force of the explosion is less when the flame has just emerged 
from a metal tube than when it has travelled some distance m a glass tube; 
this is probably due to the greater cooling power of the metal tube. 

In view of these observations, the form of apparatus finally adopted was as 
follows : The metal firing piece forming the closed end of the gallery was 
setewed into the copper tube, 1T» cm internal diameter and 300 cm. long , 
the first 200 cm. of copper formed a smooth curve of radius 300 cm., and the 
last 100 cm were straight. The copper tube was connected by a stuffing box 
and gland to a glass tube 1*5 cm. internal diameter and 240 cm. long, which m 
turn fitted into the apparatus holding the diaphragm. A second glass tube 
of the same internal diameter and about 150 cm. long, fitting into the far side 
of the diaphragm apparatus, was filled with the same gaseous mixture as the 
rest of the system. The appearance of a flame in this tube indicated that the 
diaphragm had broken and it also gave other information to be discussed 
below. 

Using tins apparatus, we have obtained values for the thickness of copper 
foils which were (a) sheared, and (b) not sheared, by the explosion-waves in 
a number of different gaseous mixtures, and the results are given in Table I. 


Table 1 


-- 

i 

_ _— _ 


ThltlwK^ of copier. 

Mixluit 

-- — 

, - 


•Nhf\»rH 

Unsluvirod 


inch 

inch 

2H a + 60 4 

0 0045 

0 0057 

2H a -f- 

0 0057 

0 0003 

7H, + O, 

0 0045 

ii 0057 

+ 20 a 

0 0103 

0 0113 

-f 3() a 

0 0083 

0 0103 

<-',H 4 i tlJOi 

0 000b 

0 0080 

<’,H 4 -f 190, 

0 0057 

| 0 0003 

C,H, H O, 

0 0103 

0 0113 

+ 2*0, 

0 0083 

0 0103 

‘.H, + 7*0. 

0 0000 

0 0080 

(',H, + l«0, 

0 0003 

i 

C‘H 4 4 0, 

1) 0083 

0 0103 

OH.+ MO, 

0 0083 

0 0103 

l'H 4 4- 20, 

0 0083 

0 0103 

CH 4 + 40, 

0 0060 

0 0080 

CH 4 + 80, 

0 0003 

0 00U0 

2C0 + O t 

0 0063 

0 0000 
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The above table seems to show that whilst electrolytic gas is probably 
the hydrogen-oxygen mixture with the greatest breaking power, a large excess 
of either hydrogen or oxygen does not affect this value to any marked extent 
It will be seen later that this is in accordance with the calculated pressures for 
these mixtures. In the case of the ethylene-oxygen mixtures, the breaking 
power increases from CjH 4 + 190 a up to C a H 4 + 1^0 a In some experiments 
with the latter mixture, the glass tube through which the explosion-wave 
passed before it reached the diaphragm was shattered, and in this case copper 
0-0083 inch was not sheared ; in other experiments where the tube remained 
mtact copper 0-0103 inch was sheared. The lower breaking power is probably 
due to a release of pressure behind the wave-front consequent upon the breaking 
of the glass tube. (In the particular piece of apparatus used it was not possible 
to introduce thicker walled glass tubes which would always have withstood 
the pressure ; and metal tubes were precluded because of their cooling effects, 
mentioned above, and also because their use would have prevented the 
photography of the flames) 

The breaking power of acetylene-oxygen mixtures increases from 
CjHj -f 10O 2 up to C a H a + O a . I ft the case of methane-oxygen mixtures, 
CH 4 + O a , CH 4 + l$O a and CH 4 + 20 a all sheared 0-0083-inch copper, but 
failed to shear 0*0103-ineh copper and their breaking powers are evidently 
not very different. Some measure of the relative strengths of these mixtures 
can, however, be obtained from the depth of the conical indentation made on 
a 0-0103-inch diaphragm by each explosion-wave On this basis the mixture 
CH 4 -f O a is a little more powerful than either of the others In the samo 
way the mixture of equal volumes of acetylene and oxygen was estimated to 
be more powerful than the mixture of ethylene with twice its volume of oxygen 
The mixture 2CO + O a , shearing, as it does, 0* 0063-inch copper, would appear 
to be stronger than electrolytic gas which does not shear the same thickness 

When certain very dilute mixtures such as C a H 4 + 18 O a , 4 CO + O a , 
and 3 CO + O a were ignited in the apparatus, detonation was not always 
established. In such cases a diaphragm 0*002 inch thick not only remained 
mtact but suffered no appreciable deformation. These results show the marked 
difference between the breaking power of a “ slow ” flame and that of an 
explosion-wave. 

The results given in Table I only permit comparisons to be made between the 
shearing power of different mixtures, but it seemed possible to estimate the 
actual pressures by determining the static pressure required to break a given 
thickness of foil. For this purpose, air, from a high pressure cylinder, was 
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applied to one side of a copper foil held in the diaphragm apparatus as already 
described. Foils as thin as 0*002 inch and 0*003 inch were inclined to tear 
and did not always shear completely, but the thicker ones sheared in apparently 
the same way as when hit by an explosion-wave. The static pressure required 
depended to a slight extent on its rate of application. In calibrating the copper 
foils it was, therefore, customary to apply the pressure at a constant rate of 
about half an atmosphere per second; the reading of the pressure gauge just 
prior to a sudden M kick ” was taken as the breaking pressure. From the 
typical calibration curve, shown m fig. 2, it is seen that, for all except the 
thickest foil, a linear relationship exists between the breaking pressures and the 



FiO. 2 —Calibration of Copper Foils by Static Air Pressures. 


thickness. [The shearing pressures thus obtamed do not agree with those 
calculated from the known physical constants of copper; the reason for this 
is that, whilst the diameter of the piece of copper cut out is 1 *5 cm., the pressure 
can act over a wider diameter (see figs. 1 and 7, Plate 18) because the leather 
washers project some small distance beyond the general level of the shearing 
edge. When copper was sheared agamst a perfectly flat edge 1*5 cm. in 
diameter the pressures required were higher and agreed with those calculated 
from the physical constants of copper.] 

The blow given by the explosion-wave to the foil is of the nature of an 
impulse and we have photographic evidence, which will be discussed later, 
that the shearing of the foil occurred over an interval of time of the order of 
several hundred-thousandtlis of a second from the time at which the explosion- 
wave collided with it. It is well known that a load applied suddenly is approxi¬ 
mately twice as effective in shearing a given material as when applied gradually. 
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1 f the analogy can be applied to the sudden pressure in the explosion-wave 
acting on the copper foil, then the pressure in the explosion-wave which will 
break a particular thickness of foil is only half the static (air) pressure which 
will achieve the same result. It follows, therefore, that the static shearing 
pressures, corresponding to each thickness of foil employed in the experiments, 
must Ik* halved in value before being applied to estimate the pressures developed 
by various explosion-waves. As already shown, it was possible to determine 
for each mixture two limiting thicknesses of foil, one of which was sheared 
and the other, slightly thicker, which remained intact after being struck by 
the explosion-wave. By halving the static shearing pressures corresponding 
to these two thicknesses it seemed possible to determine the “ lower ” and 
M upper " limits between which the actual explosion-wave pressure must lie, 
a still closer approximation to the latter being obtained by taking the mean of 
these values. Before detailing the results, we shall discuss the calculation 
of explosion pressures from theoretical considerations so that the values so 
obtained may be compared with those determined experimentally. 

Theoretical Calculation of Explosion Pressures . 

Explosion-wave pressures for several mixtures have been calculated by 
Jouguet (he. cti ) using the specific heat values given by Mallard and Le 
Chatelier, and later* for a few mixtures according to the specific heat values 
given by Kast.f The method of calculation is as follows .— 

Let C, be the total molecular specific heat at constant volume of the pro¬ 
ducts of combustion, 

Q the heat of reaction, 

p v p 2 the initial and final pressures respectively, 
the initial and final temperatures (° K), 
s v s 2 the initial and final specific volumes, 
n v n 2 the initial and final numbers of molecules, 

R the gas constant, and 

v the ratio of the specific heats of the products at T 2 . 

From Hugoniot’s law for adiabatic dynamic compressions it can be shown that, 
if the gas laws are obeyed and the chemical reaction proceeds to completion, 

f T ‘C. dT = Q + pt (n - 1 )(n,T, + (1) 

Jt, 

* C. R Acad. Soi, Paris,’ vol. 181, p. 546 (1925). 
t *' Spreng-tuad Zttndatoffe,*’ 1921. 
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where p, =* sjsp This expression involves T t and p,, both unknown, and 
therefore for a first approximation the second term on the right-hand side of 
(1) is neglected and one writes 

f’c.dT-Q. ( 1 a) 

Ji’i 

This equation can be solved and an approximate value obtained for the 
temperature attained in the wave. 

The application of this method of calculation to the reaction H t + JO a -► H a O 
is as follows. The data employed by Jouguet are Q = 58,000 calories per 
gm. mol.; nj = 1*5; n a == 1; T x = 283° K., andC t (steam) = 4-5 + 0-0058T. 
Substituting in equation (1a), we have 


f 1 (4-5 + 0-0058 T )dT = 58,000, 
J 288 


whence T g = 3821° K. (first approximation). 

Before the exact equation (1) can be used, it is necessary to know the value 
of p. at the temperature T a . This is obtained by first finding C r and y at this 
temperature. Thus, from the specific heat equation, C„ = 4-5 + 0-0058 X 
3821 — 26-66. Hence, since y = 1 + R/C*, at 3821° K., y = 1*0746. 

Now the velocity of a shock-and-combustion wave can be shown to be 

s 2 \/^ — 

M — s 2 

and is equal to the velocity of sound in the gas at the temperature concerned : 

therefore, _ 

a/= Vt"*RT,. 

v *1 — S S 

Since p x s x = w 1 RT 1 , p^ 2 — w a RT 8 > and p, = s x ls 2 it follows that 

yp* — (y + 1) (x + ttjTi/njTg — 0. (2) 

A value for |x can be obtained which on substitution in equation (1) gives a 
nearer approximation to the temperature. Thus from equation (2), 

1-0746 p a — 2-0746 p. — 0*1107 « 0, 

whence p = 1-876 (first approximation). 

Substitution in equation (1) gives 

f* (4-6 + 0-0068 T) dT - 68.000 + *R (jx. - 1) (»,T, + S&), 

JUS ' & ' 
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U, 0*0029 T a a -f 4*5 T a — 59,505 = 0-876 T a -f-198 and T.^3951 0 K. 
(second approximation). 

If the processes to find C v , y and (x be repeated, a still closer approximation 
to T a can be obtained. Thus, in the example cited : At 3961° K., C, = 27*4 ; 
y = 1*0726 ; and ji = 1*879 (second approximation). 

The third approximation for T a is thus given by 


0*0029 T a a + 4*5 T a - 59,505 = 0*879 T a + 199, 

whence 

T a = 3956° K. 


In practice the above operations are repeated until successive approximations 
do not differ appreciably (say by 10°). The value for T a just obtained is, 
therefore, the one required. 

Knowing T a , a value can readily be obtained for p 2 IP\> * or » ^ rom the gas 
laws, pjpi = (Xw a T a /» 1 T 1 . Since p x is in general 1 atmosphere, this equation 
gives a direct value for p r Thus, the explosion-wave pressure for the mixture 
2H a + O a is given by 


P 2 IP 1 — 1*879. 


1 X 3956 
1*5 x 283 


— 17*5 atmospheres. 


In applying the above method, the initial temperature has been taken as 
10° C. (T 2 = 283° K.) and the specific heat values employed aro those given 
by Mallard and Le Chatelier and used by Jouguet, viz.:— 

C„ (H a , O a , N 2 , CO) = 4*5 + 0*0012 T 
C, (H a O) -4*5 + 0*0058 T 

C e (CO 2 ) — 4*5 + 0*0074 T. 


It is, of course, realised that more recent formulas (of the type C„ = A ± BT± 
CT 2 ) are probably more accurate at temperatures up to 2000°, but since the 
temperatures in the explosion-wave are in many cases between 4000° and 5000° 
it is very doubtful whether extrapolation is any more reliable on the later 
formulas than with the simpler form given above. For convenience, therefore, 
the above values have been provisionally adopted. 

Where modem data for Q (the heat of reaction) differ markedly from those 
used by Jouguet, the explosion pressures have been re-calculated and are 
placed in the last column of Table II, the values obtained by Jouguet being 
placed beside them for purposes of comparison. In the same table are given 
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the pressures (air-pressures halved as already described) corresponding to the 
copper foils which were (a) just sheared, and (6) not sheared by the explosion- 
waves. In most cases the mean of these two values has been taken as the 
pressure for the mixture ; but in certain eases there arc reasons for believing 
that the real pressures are quite near the lower or higher limit. In each of 
theso cases, the “ probable ” value is given in brackets. 


Table II. 




Pressures 

(atmospheres). 

Mean or 


Calculated pressures 
(atmospheres). 


Mixture. 



probable 

Q. 




Copper 

Sheared. 

Copper 
Unshearod. 

pressure 
(atms ). 

(k cal ) 

' 

Jouguet. 

! 

Authors 


1 

C,H 4 + 20, 

36 9 

16 0 

41 5 

/ 196 6 
\ 206 5 

__ 

41 1 1 
40 4 1 

► 

2 

C,H, + 30, 

31 0 

36 9 

34 

332 0 


31 6 

3 

C,H 4 +- 6*0, 

23 0 

29 0 

26 

332 0 

— 

26 0 

4 

; C,H 4 + 190, 

19 0 

21 8 

(19) 

332 0 

- 

18 6 

5 

ch 4 + 0, 

31 0 

3b 9 

34 

/ 67 5 

\ 85 3 

29 8 

- 1 
36 3 J 

I- 

e 

CH 4 + 20, 

31 0 

36 9 

(31) 

/ 193 5 
\ 210 8 

27 4 

- 1 
29-2 J 


7 

<'H 4 + 40, 

23 0 

29 0 

26 

/ 193 5 
\ 210 8 

23 4 

- 1 

25 9 i 

»* 

8 

CH* + 80, 

21 8 

23 0 

22 4 

210 8 


21 2 

0 

C,H, 0, 

36 9 

46 0 

41 5 

113 0 

54 5 

_. 

10 

C,H, -f* 2 JO, 

31 0 

36 9 

34 

312 0 

—. 

30 0 

11 

C,H, + 7*0, 

23 0 

29 0 

26 

312 0 

— 

25 8 

12 

C,H, + 10O, 

21 8 

? 

>21 8 

307 0 

22 0 

— 

13 

2H, + O, 

19-0 

21 8 

20 4 

58 0 

17-5 

_ 

14 

2H, -f 0, -f- 6H, 

16-0 

19 0 

(15) 

38 0 

14 4 

- 

15 

2H, + 0, 'h 60, 

16 0 

19 0 

(15) 

58 0 

11 4 

— 

16 

2C0 + 0, 

21 8 

23 0 

(23) 

| 08 0 

17 2 

— 


The lower limit has been chosen as more probable than the mean of the lower 
and higher limits in the case of the mixtures C a H 4 + 190 a , CH^ + 20 a , 
2H a + O a + 50 a and 2H a + O a + 5H a because the explosion-waves in 
these mixtures seemed only just capable of shearing tho thinner copper; m 
several experiments the copper disc was not completely severed from the 
remainder of tho piece. In the case of the mixture 2C0 -f- O a the thinner 
foil was always sheared and the thicker one was occasionally cracked; this 
suggested that the pressure was almost equal to the upper limit pressure. 

The values of the calculated pressures in those hydrocarbon mixtures 


2 d 2 
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containing insufficient oxygen for complete combustion will first be considered. 
In the explosion of the mixture CjE^ + 20 a , at least two possible reactions 
may occur:— 

(1) CjH 4 + 20 a 2CO + 2H a O + 196-6 k. cal.; 

(2) C a H 4 f 20 a - CO + CO a + H a + H a O + 206-6 k. cal.; 

and it is uncertain whether either completely represents the mode of burning 
in the wave-front. Using tho value of Q given in (1), the calculated pressure 
is 41-1 atmospheres compared with 40-4 atmospheres if Q is given the second 
value ; the corresponding velocities calculated by the formula given below are 
2607 and 2490 m.p.s. respectively. Since the observed velocity, 2581 m.p.s., 
is only slightly higher than either of tho calculated velocities, it is probable 
that the pressure is only slightly greater than either of the figures given above 
for the calculated pressures and therefore not very different from the mean 
determined pressure of 41 -5 atmospheres. 

In the case of the mixture CH 4 + O a it is generally assumed that the products 
are CO f- H a O + H a The recent value of Q (85 * 3 k cal.) is much higher than 
the value used by Jouguet, namely, 67-5 k. cal. Tho corresponding calculated 
pressures are 36-3 and 29-8 atmospheres, and the velocities 2682 and 2477 
m.p.s. Since the observed velocity, 2528 m.p.s., lies between these two values, 
it follows that the real pressure lies between the two given pressures and is 
probably not far from the observed pressure, 34 atmospheres. 

Only in the case of the mixture C a H a + O a is the calculated prossure very 
much higher than the determined pressure. This difference may be due to a 
variety of factors. The value of Q, 113 k. cal , used m the calculations was 
based on the assumption that the reaction is Cffl z + O a -► 2CO + H a , but 
since carbon is always produced during the explosion of this mixture, this 
equation probably does not accurately represent the reaction occurring in 
the wave-front. The calculated velocity, 3091 m p.s., is considerably higher 
than the observed velocity, 2961 m.p.s., and it seems probable therefore that 
the calculated pressure is also too high. Since tho calculated temperature is 
also much higher than in all the other mixtures, greater uncertainty exists in 
regard to the probable values for the specific heats. For these reasons it is 
felt that no reliance should be placed on the figure given for the calculated 
pressure m this mixture. 

While the remaining results in Table II show a very fair agreement between 
the calculated pressures and the mean (or probable) pressures determined 
experimentally, the latter are, in general, slightly higher. This applies 
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particularly to those mixtures, Nos. 2, 6, 10, 13 and 16 in Table II, where the 
final products are entirely carbon dioxide and/or steam, and may be duo to the 
specific heat formulae giving too high C v values for these gases. If this bo the 
explanation, then where excess oxygen is used and appears among the products 
of combustion, as in the mixture C 2 H 4 + 6£O a -> 2CO a + 2H a O + 3£O a , any 
errors m the specific heats of CO a and H a O will have less effect on the calculated 
pressures, provided that the value for C v 0 2 is more nearly correct than that 
of C„CO a and C„H a O. The excess of oxygen will also result in a lower flame 
temperature at which specific heat values for all the products will be more 
reliable. This gives an additional reason why calculated and determined 
pressures should show better agreement in the case of the more dilute mixtures, 
e.ff., Nos. 4, 8 and 12 in Table II. 

From his calculations of explosion velocities, Jouguet deduced that the 
values for the specific heats of gases, as given by the formulae of Mallard and 
Le Chateher, increase too rapidly with temperature. In these calculations, 
the velocity in m.p.s. is given by V = (p/100) Vy^a^Tj/M, where M is the 
mass of n 2 molecules of products, R = 84,760 X 981 ergs, and the other 
symbols have the same significance as in the previous calculations In the 
case of the mixture 2H a + 0 2 , the calculated velocity of explosion, 2627 m.p.s., 
is 194 m.p s. less than the observed velocity, 2821 m.p.s.; and in the mixture 
2CO + 0 9 the calculated velocity, 1664 m.p.s., is 86 m.p.s. below the observed 
velocity, 1750 m.p.s.; lower values for C a would give higher calculated 
velocities. In this connection we may note that modem values* for the 
specifio heats at 1000° C. and 2000° C. are lower in the case of the diatomic 
gases and considerably lower in the case of carbon dioxide and steam, than 
the corresponding values employed by Mallard and Le Chatclier (Table III). 


Table III. 


Gan. 

From Partington and Shilling. 

C, 1000° c. 

C, 2000° C. 

o. 

5-45 

6 55 


5*56 

6*25 

C<5 

5*46 

6*55 

H.O 

7 00 

12 95 

CO. 

10*18 

11 02 


Mallard and Le Chateher. 


C„ 1000° c. 

0, 2000° C. 

6 03 

7 23 

6 03 

7*23 

6 03 

7*23 

11 89 

17 09 

13 92 

21*32 


Partington and Shilling, “ The Specifio Heats of Gases,’ 1 p. 204. 
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If the specific heats at still higher temperatures, say 4000°, are proportion- 
ately less than those employed by Mallard and Lo Chatelier, this would easily 
explain why the calculated pressures in Table II are, in nearly every case, less 
than the experimentally determined pressures. 

Quite recently Jouguet* has recalculated the pressures and rates of explosion 
for three different mixtures, using specific heat data given by East. The results, 
in which dissociation effects are neglected, are given in Table IV, the deter¬ 
mined pressures from Table II being inserted for comparison. 


Table IV. 


Mixture. 

T, 

(•K) 

Velocity of explosion 

Pressures i 


Calculated. 

m.p.B. 

Observed 
m ps 

Calculated 

it. + o. 

4780 

2907 

2821 

21 1 

20 4 

h f* O, f 5H 2 

2940 

3767 

3530 

16 1 

(15) 

JO -f o 2 

6000 

2100 

1750 

26 3 

(23) 


It is clear that the calculated velocities exceed the observed velocities; 
from this Jouguet concluded that the specific heats at high temperatures, as 
given by the Kast formulae, are too low. 

It has been pointed out by Jouguet and also by Lewis and Friauff that lower 
values for the calculated velocities are obtamed if dissociation is taken into 
account It is therefore clear that by using slightly higher specific heats than 
those employed by Kast and/or by taking into account dissociation effects, 
the calculated velocities would bo reduced and could be made to agree well 
with the observed velocities ; by this procedure the calculated pressures would 
also be reduced. 

It appears then that, in a number of different mixtures, the pressures deter¬ 
mined experimentally, by the method described above, lie between the pressures 
calculated from formulas for specific heats given by (at) Mallard and Le Chatelier, 
and (6) Kast, where these have been applied. Since the former, (a), are believed 
to give for the calculated pressures too low values, and the latter, (6), too high 
values, it would appear that the true pressures calculated on Jouguet’s theory 
do not lie far from the determined pressures In view of uncertainties in the 
specific heats and the validity of the gas laws at the temperatures of the 

* * C. R. Acad. Soi. Pans,’ vol. 181, p. 546 (1925). 
f' J. Amer. Chem. Soc., 1 vol. 52, p. 3905 (1930). 
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reaction, it has not been thought desirable to apply any corrections for possible 
dissociation, even if reliable data for the latter were available. 

The Photographic Records . 

The photographs, figs. 3-7, Plate 18, obtained during this research have given 
some information on the behaviour of the flame before and after collision with 
the copper diaphragm. Fig. 3 shows the reflected wave produced when the 
explosion-wave in electrolytic gas strikes foil 0*002 inch thick. Although the 
latter was sheared, the explosion-wave was reduced to a slow flame and only 
re-established at a point 35 cm. along the tube. With foil 0*003 inch thick, 
a similar photograph was obtained, detonation in this case occurring about 
40 cm. beyond the diaphragm. When the foil was increased in thickness to 
0*0045 inch the explosion-wave made a deep conical bulge in the copper and 
commenced to shear it at one side ; the flame, however, ignited the mixture in 
the second glass tube. The photograph obtained, fig. 4, shows that an intense 
wave is reflected from the foil, that the flame which passed the latter was 
almost non-luminous, and that detonation was set up about 55 cm. beyond the 
diaphragm, the resulting retonation wave being reflected by the almost 
unbroken foil. Both these photographs were obtained during the preliminary 
experiments, but are in every way typical of those obtained later. With still 
thicker copper, 0*0057 inch, the explosion-wave in this mixture produced a 
conical depression m the foil but was not able to penetrate it. 

The narrow, dark, vertical lines seen in the flame photographs are due to 
reference marks, 20 cm. apart, placed on the explosion tubes, whilst the white 
vertical line was produced by exposing the film, either immediately before 
or just after the experiment, to a narrow beam of light from a small electric 
lamp; this gave the exact direction of the movement of the film as it passed 
the focus of the camera lens. 

The appearance of some of the copper foils after use is shown in fig. 7. When 
foil 0*002 inch thick was struck by a “ slow ” flame in the mixture 4C0 + O a , 
it was not distorted and only the faint imprint made on it by the leather 
washers which bad held it in position can be seen (a). Opposite sides of the 
conical bulge produced when an explosion was not strong enough completely 
to shear the foil are shown in (6) and (c), whilst (i d ) shows a diaphragm which has 
been completely sheared. The annular indentation round the edge of the 
sheared portion (d) indicates that the “ pressure effect ” of the flame had been 
spread out over an area extending as far as the leather washers; this is also 
visible in (b) and (c). 
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The photograph of the flame in the mixture C 2 H 4 + 30 a , fig. 5, is quite 
different from those already described for electrolytic gas. The foil in this 
experiment was 0*0028 inch thick, and the photograph shows clearly the strong 
wave of reflection produced when the flame struck the copper foil. The 
velocities of the flame before and after it had passed through the diaphragm 
apparatus are apparently identical, but the two flame traces are not in align¬ 
ment : the vertical distance between the second and the extrapolation of the 
first is about 0*28 cm. and corresponds in this experiment to a time of approxi¬ 
mately 0*000046 second. On the original negative, faint “striae M are visible just 
beyond the diaphragm; this suggests that inside the diaphragm apparatus, 
which was only 6 cm. long, the detonation wave may have been damped down 
and re-established; but this is by no means certain. The time 0*000046 
second is, therefore, a " maximum ” time required to break the diaphragm. 
When thinner foil, 0*0022 inch, is used, the delay is 0*000033 second, but when 
thicker foil, 0*0043 inch or more, is used, the explosion-wave is definitely 
suppressed and is not re-established until the flame has travelled several 
centimetres m the second glass tube. In general, it appears that for 
any given mixture, the distance over which the flame must travel before 
detonation is re-established tends to increase with increasing thickness of 
foil. This has already been illustrated in the experiments with electrolytic 
gas given above. When the mixture C 2 H 4 + 140 a is employed and moderately 
thin foils used, there is no indication of any damping down in velocity of the 
explosion-wave and the delay therefore probably represents the actual time 
taken by the explosion-wave to shear the diaphragm. The times required 
to shear different foils are apparently proportional to the thickness in the 
case of this mixture, and nearly so m the case of the mixture C 2 H 4 + 30 a , 


Table V. 


Time to shear foil, 
Mixture. sec. X 10 _l 

(=<*) 

Thiokness of foil, 
inohee 
(-6) 

Delaj 

thi 

C,H 4 + 30, 3 3 

0 0022 

1 50 

C.H* +30, 4 5 I 

0 0028 

1 61 

C,H 4 +lJO a 4-2 

0 0043 

( 08 

C,H 4 + lJO, 6 2 

0 0063 

0*08 


Table V; the lack of agreement in this latter case is due possibly to the fact 
discussed above, that the explosion-wave may have been momentarily damped 
down* 
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The Pressure at the Point of Detonation. 

The experiments so far described have been attempts to measure the pressure 
in an explosion-wave which has travelled several metres beyond the point of 
detonation. Some experiments have been carried out in which it was arranged 
that detonation was set up much nearer the copper diaphragm. This was made 
possible by attaching the firing piece directly to the glass tube fitting into the 
diaphragm apparatus ; by using different lengths of glass tube it was possible 
to vary the position of the point of detonation. The results obtained with 
the mixture 2H a + O a , are summarised in Table VI. 


Table VI. 


Spark-gap 
to oo^per 

Point of 
detonation 

Thickness of copper. 

Corresponding pressures. 

to copper 
foil. 

| Sheared. 

1 Unsheared. 

1 

Sheared. 

Unsheared. 

cm. 

cm. 

m 

in. 

atmos. 

atmos. 

175 

20-25 

0 0067 

0 0063* 

19 0 

21 8 

66 

10 

0*0102 

00112* 

36 9 

46*0 


* Limiting case , commenced to shear. 


In the experiment using foil 0*0112 inch thick, the glass tube was shattered 
by the force of the explosion , had it remained intact it is very probable that 
the diaphragm would have been completely sheared. The photograph of this 
experiment is reproduced in fig. 6. The portion prior to the diaphragm clearly 
shows (1) the pre-detonation flame, (2) the point of detonation, and (3) the 
reflected wave from the foil. It will be seen that the early travel of the flame 
in the second glass tube is not recorded owing to its feeble luminosity after 
passage through the foil: this, coupled with the fact that detonation was not 
re-established until after some 80 cm., serves to indicate that the explosion 
had great difficulty in bulging and cracking the copper foil. Since the explosion- 
wave in electrolytic gas did not normally shear copper thicker than 0*0057 
inch, it is clear from these experiments that tho pressure near the point of 
detonation is much greater than that obtaining when the wave is fully estab¬ 
lished. This enhanced pressure would seem to be an explanation of the greater 
destructive effects of gaseous mixtures at the point of detonation noted by other 
workers, e.g ., Dixon, loc. cit ., p. 338. 

The mixtures were made from gases obtained from cylinders except in the 
case of carbon monoxide, which was prepared from sodium formate. Mixtures 
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containing hydrogen, carbon monoxide or methane were stored over water 
at room temperature and passed directly into the explosion tubes; those 
containing acetylene and ethylene were passed rapidly over calcium chloride 
and stored over mercury. The analyses of the different mixtures used are 
not given because slight variations m composition had no appreciable effect 
on the results obtained. The amount of combustible gas was within 2 per 
cent, of that required by the given molecular proportions ; the remainder was 
oxygen containing usually 1-2 per cent, nitrogen. 

Summary. 

(1) Experiments on the shearing of copper foils of various thicknesses by 
explosion-waves in a number of different gaseous mixtures seem to provide a 
method of comparing the explosion pressures existing in the flame. 

(2) By calibrating these foils by means of static air pressures, direct values 
of explosion pressures have been determined 

(3) These pressures agree fairly well with the pressures calculated by the 
method suggested by Jouguet, especially in the case of the more dilute mixtures. 
The effects of the values of the heats of reaction and the formulae for the 
specific heats of gases at high temperatures on these calculated pressures are 
discussed. 

(4) Photographs of the flame before and after the copper foils in certain 
cases give approximate values for the times required to shear them. 

(5) Pressures near the point of detonation are higher than in the fully 
established explosion-wave. 

The authors wish to acknowledge their thanks to Mr. J. B. M. Herbert, 
M.Sc., for advice and to Mr. John Harwood, M Sc., for many helpful suggestions 
during the course of the work. They are also indebted to Imperial Chemical 
Industries, Ltd , for a grant towards the expenses. 
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X-Ray Study of Phase Boundaries in Thermal Diagrams of 
Alloy Systems—Cu-Zn System. 

By Professor E. A. Owen, M.A., D.Sc., and Llewelyn Pickup, Ph.D., 
University College of North Wales, Bangor. 

(Communicated by Sir William Bragg, 0 M , F.R.S.—Received March 21,1932) 

[Platks 10 ancl 20 ] 

Within the last 10 years, the study of the diffraction of X-rays by crystal 
units in metals and alloys has shown that X-ray analysis, apart from giving 
data on the form and dimensions of the crystalline units, is a powerful method 
with which to examine the thermal diagrams of alloy systems. Roscnhain* 
has pointed out, however, that although the X-ray analysis of alloys yields 
valuable results as to structure and so on, the constitutional diagrams arrived 
at by this means must necessarily be incomplete, firstly because a very small 
amount of a second phase m a large mass of another phase cannot be detected 
by X-ray methods, and secondly, because the parameter measurements have 
not been accurate enough to determine definitely the boundaries of solid 
solubility. In view of this statement we felt it would perhaps serve a useful 
purpose to carry out a careful investigation into the reliability of accurate 
X-ray methods for establishing thermal equilibrium diagrams of alloy systems. 
An account of such an investigation is given in this paper, and it may be stated 
at the outset that, where X-ray data could bo compared with data reliably 
established by other methods, the agreement is as good as, if not better than, 
that between the data of the various methods amongst themselves. It will 
be shown that a phase boundary can be determined by the X-ray method from 
parameter measurements alone, and that an accurate determination can be 
made irrespective of the amount of the second phase present 
It will be necessary to go into the method of measurement and the heat 
treatment of the alloys in some detail. Precautions have to bo taken in the 
preparation and analysis of the alloys to ensure that the parameter measured 
is that of the alloy in the equilibrium state, and that its composition is that 
corresponding to the alloy actually used in the measurement. The paper is 
therefore divided into two parts; the first part deals with the method of 
measurement and the preparation of the alloys, and the second part refers to 


♦ 1 J. Inst. Met., 1 vol. 42, p. 64 (1929). 
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the X-ray examination of the alloys with a view to determining the phase 
boundaries. 

Attention is directed to alloys in the copper-zinc system. These were 
chosen as a considerable amount of work has already been done on them by 
metallurgical and by X-ray methods; the former have yielded much data 
concerning the phases and boundaries in the equilibrium diagram, and the 
latter have resulted in a good general survey of the structures of the various 
phases. The types of structure given to the different phases in the senes* 
appear now to be generally accepted, but the parameters hitherto determined 
can only be taken as approximate owing to the comparatively low accuracy 
of the methods employed to obtain them. In the present investigation use is 
made of the precision camera employed by Gayler and Brestonf to examine the 
age hardening of aluminium alloys. By taking various precautions which 
will be detailed below, the parameters of alloys can be determined to an 
accuracy of at least 1 in 4000. This accuracy is higher than that which is 
possible in the ordinary method with the Muller camera or with the X-ray 
spectrometer, and it enables the small variations in parameter values to be 
followed which could not be detected by the other methods of measurement. 

I .—Method of Measurement and Preparation of the Alloys. 

In the camera used by Gayler and Preston, the sample under examination, 
either in the form of a thin flexible sheet or in powder form on a sheet, is placed 
on the circumference of a cylindrical brass drum and is exposed to a divergent 
beam of X-rays proceeding from a slit placed at the opposite end of the dia¬ 
meter. A photographic film placed on the drum symmetrically with regard 
to the slit receives the reflected rays. The conditions are such that the rays 
come to a focus, producing lines on the film on either side of the slit. If 0 
is the glancing angle, 8 the distance between corresponding lines, and r the 
radius of the drum, then $/8r = tc/ 2 — 0, which gives 0 when r and 8 are known. 
The parameter of the lattice a can then be calculated from Bragg’s equation 
X = 2y a sin 0, when y is a function of the Miller indices of the reflecting planes. 

It was found that the (420) planes of copper gave with copper radiation a 
value of about 73° for 0, so that tan 0 is about 3*3. Thus 8a/a = 80/3*3 = 
Ss/26*4r. Now assuming an experimental measuring error in 8 of the order 

* Owen and Preston, 1 Phys. Soc. Lond.,* vol. 36 (1923), and Westgren and Phr&gmen, 
4 Phil. Mag vol. 60, p. 311 (1926). 

t Gayler and Preston, 1 J. Inst. Met.,’ vol. 41, p. 218 (1929). 
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of 0*5 mm.—this is considerably greater than that found by repeated measure¬ 
ments—the error m the parameter, if r is 50 mm., is rather less than 0*04 per 
cent. Thus very small changes in the lattice parameter can be detected with 
this instrument. In the actual camera used, the Ko^ and Ka a wave-lengths 
of copper were separated by over 3 mm. when the arc between corresponding 
lines was about 15*5 cm., and by about 6 mm. when the arc was about 7 *5 cm. 

The camera was of robust construction. Its outer brass surface was turned 
in the lathe to ensure that it was truly circular. Its radius was measured by 
several methods all of which agreed closely with each other giving a mean 
value of 51 *46 mm., but this is not the effective radius becauso a layer of black 
paper, 0*08 mm. thick, was placed between the film and the circumference of 
the camera. Also since the film was double coated, the two images were not 
exactly superimposed when the film was laid flat. The measured distance 
between the lines was such that it represented the distance between them if 
they had been photographed on a single coating of emulsion situated midway 
between the actual coatings. The thickness of the film before development 
was 0-23 mm., so that the middle layer of the gelatine was displaced 0-20 mm. 
radially from the circumference of the camera. Theoretically the contours of 
the film and the sample examined must have identical radii of curvature. 
This condition was obtained by fixing a sheet of aluminium foil of thickness 
0*20 mm. round the slot to be covered by the sample, thus making the effective 
camera radius 51*66 mm. 

The slit system was incorporated in the camera itself and could be adjusted 
and fixed in the position to give reflection lines of the best definition. The 
film and sample were held in position by elastic bands which pressed them 
lightly and uniformly against the circumference. Precautions were taken to 
avoid fogging of the film by the use of suitable lead screens. The camera was 
mounted on a heavy stand furnished with three levelling screws. 

Installation .—The X-ray tube, which was of the gas type, was operated on 
a Schall transformer capable of an output of 30 ma. at 100 kv. It was found 
that the tube when working steadily over long periods, passed 8 to 10 ma. at 
35 to 40 kv. In precision camera work, l£ to 2 hours' exposure under these 
conditions was usually sufficient, but for powder spectrum photographs as 
finally produced, an exposure of 10 hours was required at this input. The 
latter were occasionally required to check certain points in connection with the 
structure of the alloys. 

Measurement of the Photographs .—All measurements of the films were made 
with a micrometer screw attached to the carriage of which was a blade pointer. 
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This pointer was adjusted to move over the film which was supported on a 
sheet of opal glass, illuminated from below and situated well away from the 
source of light to avoid undue heating. The micrometer screw was compared 
with a finely graduated millimetre scale ; over the entire length, the maximum 
variation in the screw and the scale did not exceed about 0*05 mm. As it was 
essential for comparative measurements throughout the work periodically 
to check the micrometer screw, a suitable scale was made by ruling fine lines 
on the emulsion of an unexposed photographic plate. Periodic checking 
showed that the variation in the measured distance between the lines was 
always less than 0-05 mm. m 140 mm. This was considered satisfactory. 
On this standard, subsequent work gave for well annealed electrolytic copper 
a parameter of 3*6079 A., which agrees closely with the most accurate deter¬ 
minations made hitherto on the parameter of this element. 

Film Shrinkage .—To investigate the shrinkage of the film on developing 
and fixing, the following method was adopted. A photographic half plate 
was exposed to light, developed and dried. On the blackened emulsion a 
fine straight line was cut with a razor edge and two other fine lines cut at right 
angles to this at about 14-5 cm, apart; the distance between the cross lines 
was carefully measured with the micrometer screw. Next a strip of double- 
coated film, the size used for X-ray exposures, was taken and the cross 
lines printed on it by super-imposing the glass plate and giving a suit¬ 
able exposure. The film was then developed in the manner adopted for 
the standard procedure. On measuring the imprint and comparing with 
the marks on the plate, any shrinkage could bo detected. For instance, four 
separate readings gave 14*416 cm. as the mean distance between the marks 
on the blackened plate, while the means of three separate films, cut from different 
sheets, gave for this distance, 14*394, 14*404 and 14*392 cm. Hence the 
films showed respectively a shrinkage of 0*15, 0-08 and 0*17 per cent. To 
allow for thiB shrinkage fiducial marks were made on tho camera so that their 
imprint appeared on every film exposed; these marks consisted of small 
holes bored through the drum near the edge of the slot covered by the film. 
On development the imprints showed a double edge because the reflected beam 
did not pass normally through the film, and so two images were produced one 
on each emulsion. It was easy, however, to decide which edge corresponded 
to the emulsion adjacent to the hole. To ascertain the true arc between the 
inside edges of the holes in the drum, a strip of self-toning photographic paper 
was fixed over the slot and exposed to daylight. Well defined imprints of the 
holes were thus obtained and the distance between their inside edges measured 
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with the micrometer screw. Since the paper was not " fixed,” this measure¬ 
ment gave the true distance between the holes. The mean value of two measure¬ 
ments each of three separate strips of paper was 14*535 cm., but owing to the 
thickness of black paper (0*08 mm.) placed between the film and the camera 
during exposure, a small correction has to be applied to obtain the correct 
distance of the imprints on the film tinder experimental conditions. This 
correction amounted to 0*011 cm., thus making the distance between the 
inside edges of the imprints on the film to be 14*546 cm. 

The measurements of the arcs on each film were corrected by assuming a 
linear shrinkage throughout the length of the film, calculating its amount by 
measuring tbe distance between the two registered spots on the film and com¬ 
paring with the true distance as derived above. When an abnormally large 
fiducial length was encountered, this was put down to a bulge in the film from 
some cause or other and such photographs were discarded. This, however, 
rarely occurred. By measuring the fiducial distance, arc measurements could 
always be adjusted to conform to the standard even if measured after a long 
interval of time. 

In the photographs, the Kol ± and Ka a lines of copper radiation were always 
resolved, and m some cases, when conditions were favourable the K(J line was 
also registered. The reflected a lines of the copper radiation varied in width 
from about 0*6 mm. for long arcs to about 0*9 mm. for short arcs. Rather 
than estimate visually the centre of these lines, it was found more convenient 
to measure from their edges with the aid of a small power hand lens. The 
measurements given in Table I were made on a film showing the reflections of 
the Koq and Koc 2 wave-lengths of copper from the (420) planes of annealed 
copper. The sketch, fig. 1, explains the method of arriving at the arc lengths. 



Pig. 1. 


Both values for each pair of figures in column 3 of Table I, if the correspond¬ 
ing lines were of equal width, should bo the same, but owing to errors in esti¬ 
mating the edges, and also to possible slight differences in the widths, a difference 
of0-l mm. was allowed as the maximum error for arcs longer than about 12 cm.; 
the actual differences were well under this maximum tolerance. 
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Table I. 


Readings. 

Aro 

length. 

Measured 
mean aro 
length. 

Corrected 

aro 

length. 

Parameter 

of 

oopper. 

om. 

om. 

cm. 

om. 

om. 

1 

8-592 (A) 
3-628 (B) 

16-380 (H) 
16*315 (G) 

12*757 

12-753 

12*755 

12*747 

3*607 t 

3*728 (C) 
8*767 (D) 

18-201 (S') 

19 -153 (E) 

12*434 

12*430 

12-432 

12-424 

3 607, 


For arcs shorter than about 8 cm., the lines of the doublets are broader 
and their edges are not so well defined, but as the theory of the oamera shows, 
more latitude in measurement is permissible, with the result that even higher 
accuracy is obtained with these less well defined lines than with those better 
defined at longer arcs. The most accurate conditions were found to be when 
the arc was about 8 cm., but owing to the small working range (about 68° 
to 87°) not even with radiation from targets such as nickel, cobalt, or iron, was 
it possible to obtain ideal conditions for certain parameter measurements. 
Under the best conditions the precision of the measurements would not be 
impaired if the shrinkage correction were entirely neglected. 

Conditions for the Production of Reflection Lines .—Owing to the high resolu¬ 
tion obtained with the precision camera, well defined reflection Imes are not 
registered on the film unless the spacing of possible reflecting planes is very 
uniform. Enough cold work is done even with gentle filing so to distort the 
structure as to make the spacing of the planes irregular enough to spoil the 
reflections. To obtain sharp lines at large glancing angles it is necessary to 
eliminate the distortion by annealing the specimen. Experiments showed 
that there is a minimum annealing temperature below which lmes may not 
be produced and that the higher the annealing temperature is above this 
minimum, the shorter is the annealing time required to produce the lines. 
In the process of annealing, however, it is possible that the composition of the 
alloy may be altered owing to the volatilisation of one of the components. 
A detailed study was therefore made of the effect of annealing the alloys both 
in the form of filings and in lump form. Unless precautions are taken to 
ensure a prolonged cooling from the liquid state, the resulting ingot is in a 
heterogeneous condition, so that when filings are taken from it, different frag¬ 
ments may have different compositions. Annealing such filings may produce 
equilibrium in each fragment but unless there is interdiffusion of the com¬ 
ponents between fragment and fragment, apart from that between the 
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components of the same fragment, the mass as a whole will still be hetero¬ 
geneous. 

To investigate the effect of annealing, six alloys were taken covering a 
copper range of from 100 per cent, to 56 per cent. Filings of these in the 
“ as oast ” condition were first prepared. Then about 1 c.c. of each alloy was 
lump annealed at 850° to 860° (J. for 9 hours, packed in powdered charcoal 
in a metal container, the ends of which were luted up with alundum cement. 
After annealing they were allowed to cool slowly in the furnace. Filings were 
taken after removing the outside surface to a depth of at least 1 mm. These 
filings together with those taken from the “ as cast ” specimens, were annealed 
in evacuated pyrex tubes at 500° C. for 4 hours before their parameters were 
determined. After the measurement of the parameter, the filings were removed 
from the aluminium foil on which they were mounted m the camera, and 
analysed for copper content. Table II gives the results obtained. 


Table II. 


Alloy 

marked. 

i 

Condition. 

Filing 
analysis 
(per cent. Cu 
by weight). 

Parameter (A ). 

a-phase. 

phase. 

807 Z 

As cast 

’ 80 3 

3 020, 


807 Z 

Lump annealed 

' 90 0 

3 027, 

- 

752 Z 

As oast 

74 8 

3 602 b 

2t 

752 Z 

Lump annealed 

; 76 8 

3 657, 

— 

073 Z 

As oast 

67-3 

3-679, 


673 Z 

Lump annealed 

70 3 

3 673, 


014 Z 

Lump annealed 

i 62*4 

i 

3-093, 

— 

580 Z 

As cast 

58*9 

3 090, 

2 943. 

680 Z 

Lump annealed 

50 5 

3 096, 

2 944, 

601 Z 

As cast 

50 1 

3 006, 

2-942. 

601 Z 

Lump annealed ^ 

67 a j 

3 006, 

2-942, 


These figures are plotted in fig. 2 from which it is observed that the relation 
between the parameter and composition is the same smooth curve for both the 
“ lump-annealed ” and the “ as cast ” samples* m the pure a region extending 
down to about 62 per cent, copper. Both the a and the p phase parameters 
in the (a + (J) region are constant. 

* The size of ingot oast was about 30 gm It is probable that this agreement between 
annealed and '* as cast ” samples would not obtain if muoh larger ingots were employed, 
see Genders and Bailey, 1 J. Inst. Metvol. 33, p. 215 (1925). 
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The lump annealing has altered the composition of each alloy but the alloys 
in the (a + (3) region have not lost as much zinc in proportion to that initially 
present as the alloys in the pure a region. Thus the presence of the (3 phase 



Fiu 2.—Cu-Zn Alloys, All samples annealed at 500° C. 

O “ As oast,” x “ Lump annealed.” x «H Denotes change m composition due to lump 
annealing of os cast ingot. 

appears to prevent zinc from volatilising from the saturated a phase in the 
(a + P) region so easily as it does from the a phase when it exists alone. 
This effect is supported by indirect evidence from other sources. For instance 
Dunn* noticed in the course of an investigation of the diffusion of zinc out of 
a brass, that the rate of diffusion for an alloy in the (a + (3) region was different 
from that m the case of an alloy in the pure a region. The work of Nadejdinf 
also shows the same effect. 

Having now shown that the “ as cast ” and the lump annealed samples 
gave the same results when the actual composition is taken into account and 
the surface layers of the ingot are discarded, it still remained to find if the full 
effect of lump annealing had taken place in the one heat treatment. With this 
aim in view further samples were subjected to lump annealing and their para- 

* 1 J. Chera. Soc.,' p. 2973 (1926). 

t Nadejdin, 11 Metallung ” (1928); 4 J. Inst. Met. Abs.,’ vol. 42, p. 460 (1929). 
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meters determined after different times of annealing. For this purpose alloys 
in the (P + y) region, down to about 48 per cent, copper, were added to those 
already investigated. Table III contains the results obtained ; lump annealing 
was carried out at 800° to 850° C. for the times stated m the table, filings from 
each sample being annealed at 500° C. for 4 hours before photographing. 


Table III. 



Parameter (A). 

Alloy 

narked. 


After 

After 

After 


As cast. 

9 hours 

18 hours 

36 hours 



annealing. 

annealing. 

annealing. 

i-phage 





897 Z 

3 629) 

3 627, 

3 628, 

3 628, 

752 Z 

3 662, 

3 057, 

3 659 3 

3 659, 

673 Z 

3 679, 

3 673, 

3 676, 

3 678 0 

j- 3 674, 

614 Z 

1 3 091, 

3 093, 

3 693, 

3-691, 

689 Z 

1 3 090, 

3 696 3 

3 695, 

3 695, 

561 Z 

3 695, 

3 69\ 

3 696, 

3 692, 

523 Z 

482 Z 

|^No a-phase line 

h present 



3-phawe 


i 



614 Z 

No 0-phase lines piesent 



589 Z 

2 913 0 

2 944, 

2 942, 

2 942, 

561 Z 

2 942, 

2 942, 

2 942, 

2 942, 

523 Z 

2 945, 

2 945, 

2*945, 


482 Z 

2 949 0 

2 948, 

2 949, 

- 


No marked change is shown m the (J phase ; this is to be expected since it 
exists within very narrow limits, namely, 2 ■ 943 A. to 2 • 950 A. Slight changes 
arc to be observed in the values of the a phase parameters, but after 18 hours 
little change takes place ; even after 9 hours, the effect is small. The experi¬ 
mental error in determining these parameters was taken to be 1 m 4000 since 
the reflection linos were far out on the photographic film. The variations 
observed in the parameters for annealing times greater than 18 hours are 
therefore mainlyducto experimental error. The alloys marked 589Z and 561Z 
are in the (a + (3) region, and show that 9 hours annealing is sufficient to 
produce a constant parameter. This comparatively short time of annealing 
is attributed as previously stated to the presence of tho (3 phase. 

II -—Determination of Phase Boundaries. 

When the solution of one metal takes place in another, the solute atoms, m 
most of the cases that have been investigated, replace some of those m the 
solvent lattice. At the present time, it is not known if this replacement 


2 k 2 
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takes place orderly or at random. There is, however, a change in the lattice 
dimensions. This may be an increase as when zinc dissolves in copper, fig. 3, 
Plate 19, or a decrease as when zinc dissolves in silver; the change depends 
upon the relative “ size ” of the two kinds of atoms. A saturation point is 
reached when no more solute atoms can enter the lattice, and at this stage the 
dimensions or parameters become constant. As in all solution phenomena, 
this saturation limit will depend upon the temperature. 

In the case of alloys when the solute atoms arc still further increased beyond 
the saturation limit, a new constituent or phase is produced. In no case 
docs this second phase consist solely of the solute atoms. This second phase 
usually has a different lattice form and parameter from those of the first 
phase, and these exist together with the first phase in mixed regions over a 
range of composition. To accommodate the change in composition across a 
region of a pure phase, the lattice parameter must change, if, as is usually the 
case, the sizes of the two kinds of atoms are different. In the regions con¬ 
sisting of two phases, the mixed regions, it has been found that the parameters 
of both phases remain constant This indurates that both the lattices are 
saturated and therefore of fixed compositions, so that to accommodate the 
change m composition of the alloys across the mixed region, the relative 
amounts of the two phases must vary. In regurd to the two mixed regions on 
either side of a pure phase, the saturation parameter of this phase depends 
upon the other phase present. For example, the p phase parameter m the 
(a + (3) region m the Cu Zn senes is less than that m the (p + y) region. The 
y and t phases show similar changes in their saturation parameters in the 
adjacent mixed regions. 

The above phenomena relating to the parameters of the phases in pure and 
mixed regions form the bases of the X-ray method of determining the boundaries 
of the thermal diagram. The method depends upon the following conclusions, 
which have been established by expenment when the annealing temperature 
is constant: (1) When the parameter of a phase, or more strictly the mean 
atomic volume, changes with composition, a pure phase region is indicated. 
(2) When the parameter of a phase remains constant with changing composi¬ 
tion, this indicates a mixed region ; this is confirmed by the presence in this 
region of a second phase of constant parameter. (3) In the case of close- 
packed hexagonal phases the behaviour of the mean atomic volume is taken as 
the criterion though both the base side (a) and the axial ratio (c) in the Cu-Zn 
alloys appear to follow independently the behaviour of the parameter as 
mentioned above. 
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Hence the boundary of a phase is given by the composition at which the 
constant parameter in the mixed region meets the curve representing the change 
in its parameter with composition in the pure region, and the accuracy with 
which the boundary can be fixed, depends upon the accuracy with which the 
lattice parameters can be determined. 

Having found that the “ as cast ” alloys gave the same parameters as the 
“ lump annealed ” specimens when the composition was taken into account 
and when the filings were annealed at 500° C., the next step was to investigate 
what values were obtained with filings annealed at various temperatures. 
For this purpose a number of alloys in the “ as cast ” condition was made up 
to represent the a and the (a + (3) regions. Filings from the alloys were 
annealed in vacuo as previously, at 400° 0., 500° C , and 800° C. The samples 
were cooled in air from 400° C. and 500° C , and quenched in iced water after 
annealing at 800° C. After photographing in the precision camera, the filings 
were taken off the aluminium foils on which they were mounted and their 
copper content determined by chemical analysis Table IV gives the results 
obtained for parameter and composition at the different temperatures chosen. 


Table IV 


Uloy 

marked. 

Per cent copper 
in tilings 

a* phase e 
parameter (A ) 

1 

Annealing temperature 
of filings 

897 Z 

752 Z 

614 Z 

589 Z 

523 Z 

i 

88 7 

75 2 

HI 5 

38 9 

52 3 

3 628, 

3 661, 

I 3 693, V 

3 693, 

3 694 0 

400 u C. «u cooled. 

897 Z 

752 Z 

673 Z 

631 Z 

614 Z 

589 Z 

56! Z 

561 Z 

89 3 

76 4 

70 3 

62 8 

M 7 

59 9 

58 1 

57 6 

3 629, 

3 657, 

3 673, 

3 092, l 

3 693, f 

3 695, 

3 695, 

3 695, 

f 

500 1 C aircooled. 

897 Z 

89 8 

3 «29, 


752 Z 

75 3 

3 b#2, 


673 Z ! 

68 O 

3 «7ft, 

800° C water quenched. 

031 Z 

62 8 

.) flStt, 


614 Z 

62 0 

3 



The figures in Table IV are plotted in the graph shown in fig. 4, in which it 
is observed that there is no change with temperature of annealing m the value 
of the a-phase parameter in the pure region, when the composition remains 
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constant. The annealing treatment given to the filings is therefore sufficient 
to produce the true equilibrium condition without a prolonged “ lump anneal¬ 
ing ” operation. The saturation parameters for 400° C., 600° C. and 800° C., 
are slightly different, showing that more zmc can go into solution at 500° C. 
than at 400° C. and 800° C. 

In order to determine the saturation parameter at 800° C. attempts were 
made to obtain a range of composition in the (a + (3) region at this temperature, 



Fig. 4.—Cu-Zn as cast 

1 O Annealed at 400° C. X Annealed at 600° 0. © Annealed at 800° 0 

but owing to the small range available, and also to the fact that the com¬ 
position could not be accurately controlled when annealing was carried out 
at this high temperature, only two photographs were obtained; these gave 
the same parameter and the same composition (see Table IV). Since the 
initial ingot compositions of these two specimens were 63*1 per cent, and 
61 -4 per cent, copper approximately, but after annealing both became nearly 
the same, 62*8 per cent, and 62*9 per cent. Cu respectively with parameter 
values of 3-686 ft and 3'686 a A., the saturation parameter at 800° C. may, 
therefore, be considered to have the value 3-686 4 A. 
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The (a) (a + P) Boundary.—To determine the (a) — (at + P) boundary, 
it was necessary to work with alloys, the compositions of which were m the 
(a + P) region over the whole range of temperature. In the Cu-Zn system a 
single alloy with ingot composition of 58*9 per cent, copper by weight sufficed, 
since with this composition it remained in the mixed region over the whole 
temperature range. To ensure a true equilibrium state, this alloy was lump 
annealed at 500° C. for 3 weeks. This prolonged lump annealing was not 
essential in view of the foregoing results, but it was carried out as an added 
precaution to ensure homogeneity. Filings were then taken and annealed at 
various temperatures from 360° C. to 800° C. The samples m thin evacuated 
silica tubes were water quenched from temperatures of 600° C and above. 
Rapid air cooling was efficient enough to maintain the state at the lowei 
temperatures. 

Chemical analyses were earned out on all the filings to ensure that their 
composition had not varied unduly from the initial composition of the alloy in 
the (a + p) range owing to the second annealing process. Data given in Table 
V were obtained witli this alloy (marked 589 Z) 


Table V. 


! 

Temperature 

Paramo t( i 

Per cent copper 
(by weight) 

(a) — (a + P) boundary 

X*ray method. 

I C.T. diagram. 

°C. 

. i 

A. 


Per cent Cu 

Per cent. Cu 

800 

3 086, 

62 9 

65 4 

65 7 

700 

3 090, 

00 0 

63 0 

63 6 

650 1 

3 00lg 

59 9 

03 5 i 

03*4 

000 

3 094 a 

59 2 

02 5 ! 

02 4 

550 

3 094 7 

59 5 

02 3 

62 3 

500 1 

3 606 o 

59 5 

01 8 

01 7 

450 

3 096s 

59 2 

fil*7 

61*7 

400 

3 695, 

59 4 

01 9 

01*0 

350 

3 094, 

59 8 

62 5 



The last column shows the reading of the boundary as taken from the Cu-Zn 
diagram of the International Critical Tables. The agreement over the whole 
temperature range is very close, the maximum difference being 0*3 per cent. 
Table VI gives the boundaries at certain temperatures obtained by Gayler 
and by Genders and Bailey* together with those obtained above. 

One advantage, which has already been mentioned, of the X-ray method 
over the “ quenching-microscopical ” method adopted by metallurgists is 


* ‘ J. Inst Met.,' vol. 33, p. 222 (1925). 
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Table VI. 


Temperature. 

Boundary compositions (per cent Cu by woight) 





X-ray. 

Gayler 

Genders and Bailey. 

°C. 


| 


600 

62 5 

62 0 

62 5 

500 

61 8 

61 8 

61 3 

470 

_ 

61 *4 

61 1 

450 

61-7 

61 1 

01 0 

400 

61-9 

61 1 

61 0 


well illustrated by the above experimental results, namely, that only one alloy 
is required to determine the boundary over the whole temperature range by 
this method, while at least two, and not necessarily the same two, are required 
for each temperature by the metallurgical method. For this latter method 
the two alloys must be such that one shows a pure region only and the other 
shows traces of the second phase in addition. If the boundary investigated 
varies greatly with temperature, a number of alloys of slightly different com¬ 
positions may be required before two suitable ones are found. The exact 
composition is then estimated as that at which the second phase first begins 
to form. 

The (a + p) — (P) and the (P) — (p + y) Boutidanes —To investigate these 
two boundaries the following five alloys were examined: alloys 589 Z and 
561 Z in the (a + P) region, alloy 523 Z in the pure p region, and alloys 453 Z 
and 432 Z in the (P 4 Y) region. After lump annealing, filings from these 
alloys were annealed at different temperatures and the p-phase parameter 
determined with the precision camera. In most cases the analysis was done 
on the sample after the annealing operation on the filings, these are indicated 
on the graph, fig. 5. Other samples were taken to have the ingot composition. 
Table VII contains the experimental results obtained. 

The graph shows that for each temperature, the parameter remains constant 
over a range of composition, then rises and again becomes constant. The first 
constant parameter is that of the p-phase in the (a -f P) region and the second 
thatoftke p-phasemthe(P4‘Y) re g 10n ^8*®3 Plate 19. For all temperatures in 
the pure p region the relation of parameter to composition is the same. From 
this graph the intersections of the constant parameter lines for each temperature 
and the sloping line of the pure region give the required boundaries. In Table 
VIII are tabulated the figures giving the boundaries, and, for comparison, 
in brackets, those read off the I.C.T. diagram. 
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Fig 6.—Cu-Zn. (3-phase parameter at different temperatures and compositions. Figures 
denote annealing temperatures 0 Actual filings analysed after annealing. O Ingot 
analysis before annealing. 

Table VII 


Temperature of 
annealing. 

Parameter 

Composition 
(per cent Cu by weight) 

U C. 

800 

1 

2 934, | 
2 934 7 | 
2 938, 

2 941 3 | 
2 946! | 
2 940! 

2 049, i 
2 950* 

62 7 

59 5 

56 9 

55 2 

52-7 

52 3 

48-4 

I 43-2 

700 

2 930, 

60 0 


2 939, 

56-1 


2 940 7 

52 3 


2 949 7 

45 3 


2 949, 

43 2 

600 

2 941 a 

59 2 


2 946 2 

52 3 


2 948, 

45 3 


2 949, 

43 2 

500 

2 942 7 

59 8 


2 942, 

59-5 


2 942, 

58 1 


2-942, 

56-1 


2 945 t 

52 9 


2 949 4 

49 4 


2-949j 

42-2 
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Table VII.—(continued). 


Temperaturo of 

"Parameter 

Composition 

annealing 

(per cent Cu by weight) 


e 

A 


400 

2 943, 

00*4 


2 943, 

(Kll 


2 943, 

57 9 


2 943, 

53 0 


2 946, 

52 3 


2 049, 

49-6 


2 949, 

45*3 


2 949, 

441 

350 

2 944, 

09*8 


2 944, 

561 


2 940, 

52 3 


2 950, 

46-3 


2 950, 

43*2 

Table VIII. 


Boundary composition* (per oent (Ju by weight) 

Temperature 



(« + pi - </»>• 

(0) -(P 4 y)- 


°C 



800 

59 4 (61 2) 

50*1 (48 3) 

700 

58 7 (58 7) 

50*2 (48 9) 

600 

06 4 (66 6) 

50 6 (50 0) 

500 

54 6 (54'4) 

50*7 («0 6) 

400 

53 8 (54 4) 

50*5(50 7) 

350 

63 3 (—) 

49 76 (—) 


The agreement with the exception of the 800° C. boundaries is quite satis¬ 
factory. 

The (P + y) —* (y) and the (y) — (y + ®) Boundaries .—Seven alloys were 
used to derive these boundaries : alloys 453 Z, 432 Z and 414 Z in the (P -f y) 
region, alloys 387 Z and 353 Z in the pure y region, and alloys 304 Z and 245 Z 
in the (y + *) region. 

The annealing operations and general procedure were similar to those 
already employed for the other boundaries. The y phase parameters were 
determined from precision photographs and are tabulated for the various 
temperatures in Table IX. 
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Temperature. 


Parameter 


CompoBLtion 
(per cent. Cu by weight) 


°c. 

800 

A. 

8 830, 

8-830, 

8-838, 

43 2 

41 4 

39-0 

700 

8 824, 

45 3 


8-824, 

43 2 


8 831 x 

41-4 


8 841, 

38 7 

—_ 

8 858? 

35 3 

600 

8 820, 

45 3 


8 819, 

43 2 


8 831, 

41-4 


8 839, 

38 7 


8 856! 

35 3 

500 

8 819, 

42 2 


8 819 a 

43 2 


8 829 4 

41 2 


! 8 838, 

39 6 


8 865, 

35 5 

460 

8 820, 

45 3 


; 8-819, 

43 2 


8 829, 

41*4 


8 840, 

38 7 


8 856 x 

35 3 

400 

| 8 823, 

45 3 


8 823, 

43 2 


1 8 829, 

41 4 


8 840, 

38 7 


8 850, 

35 3 

500 

8 873, 

30 4 

380 

8 874, 

30 4 

380 

1 

8 873, 

34 5 


The graph of these figures, fig. 7, shows that the relation between the para¬ 
meter of the y phase and the composition is somewhat different from those for 
the a and p phases—it departs to a marked degree from a linear relation m 
the pure region between 42 and 39 per cent, copper. It is at once seen from 
the graph that the (p + y) ~ (y) boundary is not parallel to the temperature 
axis as shown in the I.C.T. diagram, since the parameter of the y phase in the 
(P 4- y) region is not constant at all temperatures, fig. 8, Plate 20. 

The experimental data on the (y) — (y + e) boundary are too few to deter¬ 
mine this boundary satisfactorily, but since the parameter at 500° C. and 380° C. 
for the alloys containing 30-4 per cent, and 24-5 per cent, copper are nearly 
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identical, this boundary is probably parallel to the temperature axis as given 
in the I.C.T. diagram at a composition of about 31 per cent, copper. 


A 



Copper , per cent by weight 

Fig. 7.—Cu-Zn. parameter at different temperatures and compositions. Figures 

denote annealing temperatures. O Actual filings analysed after annealing. O Ingot 
analysis before annealing. 


In Table X are given the boundaries derived from the graph, and in brackets 
the I.C.T. boundaries. 

Table X. 



.Boundary compositions (per cent. Cu by weight). 

Temperatuie 

(P t- v) - (v) 

(y) - (y - *)• 

c (\ 



800 

700 

41 0(40) 

41 7(40) 

— 

600 

42 2 (40) 1 

— 

500 

42 25 (40) ! 

about 31 (31) 

460 

42 2 (40) 

— 

400 

41'9 (40) 

- 

380 

1 

about 31 (31) 


The (P + y) — (y) boundary, as now determined, shows a slightly higher 
copper content at all temperatures; it shows further a small variation from 
temperature to temperature, as compared to a constant composition over the 
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whole temperature range as given in the I.C.T, diagram. The accuracy attain¬ 
able with the precision camera, together with tho checking of parameters of 
different alloys in the ((3 + y) region, appears to establish beyond doubt that 
this boundary is not at a constant composition over the whole range of tempera¬ 
ture. With a boundary of this nature, tho existence of a true compound of 
fixed composition (e.£., Cu 5 Zn 0 ) is untenable. 

Conclusions. 

The experimental results indicate that the method of determining phase 
boundaries in alloy systems, which is based on parameter measurements by 
precision X-ray analysis, can be used to establish these boundaries accurately. 
Apart from the fact that this method is much more expeditious, the accuracy 
attainable is claimed to be at least equal to that of the metallurgical method 
of quenching samples followed by microscopical examination, or to that of 
other methods which make use of data from measurements of certain physical 
properties, such as thermal expansion, electric resistance, etc , The very close 
agreement of the X-ray method with other methods for the determination of 
the (a) (a + p) boundary of the thermal diagram, clearly demonstrates that 
the X-ray method gives true and accurate results since this boundary has been 
more accurately established by various methods and workers than any other 
in the system. It is probable therefore that the other boundaries determined 
here by the X-ray method, are very near to the true values 

The phase boundaries of the Cu-Zn alloys are shown in fig. 9, the dotted 
lines being reproduced from the I.C T. diagram, and the full lines those deter¬ 
mined as explained above. The graph displays the following features: (1) 
The (a) — (a + P) boundaries are coincident within experimental error and 
the error of reading the I.C.T. diagram down to 450° C. The X-ray method 
indicates a slight modification below 400° C. (2) The (a + P) — (P) boundaries 
show distinct differences at 800° C. and 400° C. (3) The (P) — (PH-y) 
boundaries show a decreasing variation from 800° C. down to 500° C. (4) 
The (p + y) — (y) boundary found by X-ray methods is not at a fixed com¬ 
position over the whole temperature range. It shows a maximum at about 
520° C. of 42*25 per cent. Cu ; at 800° C. and 400° 0. it corresponds to 41 per 
cent, and 42 per cent. Cu respectively; the IC T. tables show a constant 
composition of 40 per cent. Cu for the boundary The X-ray data therefore 
indicate that no compound of fixed proportions exists at this composition. 
(5) The (y) — (y + t) boundary is most probably vertical between 500° C. 
and 380° C. as given m the I.C.T. diagram. 
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Fig. 9.—Phase boundaries of Cu-Zn alloys, x By X-ray method. 0 International 
Critical Tables. • Genders and Bailey-By X-ray. . . . I 0 T. 

Summary . 

An X-ray precision camera has been employed to determine parameter 
values of the lattices of the different phases in the Cu-Zn alloy system. The 
accuracy attained is at least 1 in 4000. Small ingots of the alloys were made 
and all samples before photographing were annealed to eliminate lattice dis¬ 
tortion and to produce the equilibrium condition. The annealing took two 
forms : the annealing of small lumps (about 1 c.c.) and the annealing of filings. 
It was found that, provided surface metal was discarded and the actual com¬ 
position of each reflecting sample was determined by chemical analysis, the 
annealing of filings from the t( as cast 99 ingot was sufficient to produce the 
desired condition. 

From the composition-parameter relation of each phase, a method of 
determining the phase boundary compositions has been developed. This is 
based on the experimental data obtained with the alloys under investigation, 
which showed (I) the increase in parameter with composition in a pure phase 
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region to be independent of temperature, and (2) the parameter values of both 
phase lattices ina mixed region to be constant with change of composition within 
the region, but to change with temperature. At a fixed temperature, the 
constant parameters of a phase in its two mixed regions are different 

Alloys down to about 30 per cent, copper were made and annealing treatments 
over the range 800° C. to 360° C. were earned out. 

The copper parameter was found to increase in the pure oc-region from 
3-607, A. for pure copper to the saturated values 3-694, at 400° C., 3-695, at 
500° C., 3-686, at 800° C. The (a) — (a + (3) boundary was found to be at 
65-4 per cent. Cu (800° C.), 63 -9 (700° C), 63-5 (650°), 62-5 (600°), 62-3 
(550°), 61-8 (500°), 61-7 (450°), 61-9 (400°), 62-5 (350°). The [i-phase para¬ 
meter was found to vary between 2-934, A. at 800° C (62-7 per cent. Cu) and 
2-950, at 350° C. (43-2 per cent Cu). The (« + p) - (p) and (p) - (p + y) 
boundaries were respectively 59-4 and 50-1 per cent. Cu at 800° C , 58-7 and 
50-2 at 700°, 55-4 and 50 6 at 600°, 54-6 and 50-7 at 500°, 53-8 and 50-5 at 
400°, 53-3 and 49-75 at 350° The range of the y-phase parameter was from 
8-830 7 A. at 8(H)" C. (43-2 per cent. Cu) to 8-874, at 380° (30-4 per cent. Cu). 
The (P + y) — (y) boundary was found to vary from 41 -0 per cent, at 800° C. 
to 41-9 per cent, at 380 u C., with a maximum copper content of 42-25 at 
about 500°-600° C. With a boundary of this nature, the existence of a true 
compound of fixed composition (Cu 6 Zn 8 ) is considered untenable Where 
possible, the boundary compositions found by the X-ray method were com¬ 
pared with those determined by other workers using different methods. The 
agreement is good and it is concluded that the X-ray method of boundary 
determination, in addition to being more expeditious, gives data at least as 
accurate and reliable as those derived from other methods hitherto employed. 


We wish to express our thanks to the Royal Society for a grant which enabled 
us to carry out the work. 
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A Study of the System Water-Phenol. Part I.— Densities. 

ft 

By Owen Rhys Howell, The College of Technology, Manchester. 

(Communicated by J. Kenner, F.R.S.—Received March 24, 1932.) 

Introduction . 

In order to throw further light on the conditions existing in a system of two 
partially miscible liquids, it was deemed of interest to measure some physical 
property of the solutions on both sides of the solubility curve, over the whole 
range of concentration, at a series of temperatures up to and above the critical 
solution temperature. 

The classical example water-phenol was chosen for study, and the densities 
of solutions of 14 phenol in water ” and of “ water in phenol ” have been deter¬ 
mined every 10° from 20° to 70°. The densities of the conjugate solutions 
have also been measured at more frequent intervals near the critical solution 
temperature. 

The viscosities and electrical conductivities have been determined over the 
same range and the freezing-points have also been examined These will be 
the subject of further communications. 

Experimental . 

Materials .—The phenol was prepared from the purest detached crystals of 
Messrs. Graesser Monsanto, which contain only very minute traces of creeds. 
This material was re-distilled m a glass apparatus which had keen steeped for 
a long time in chromic-sulphuric acid mixture before being thoroughly cleaned 
The whole apparatus was sealed, being open to the atmosphere only through 
calcium chloride tubes to avoid contamination of the distilled phenol by 
atmospheric moisture. The first and last 20 per cent, was neglected, and the 
middle portion, which distilled at constant temperature, was collected in a 
series of tubes which were stoppered with corks covered with tm-foil and stored 
m a desiccutor over phosphorus pentoxide. 

The setting-point of the distilled phenol, determined from the rate of cooling 
when bubbling a stream of pure dry nitrogen through the molten material, 
was 40*85° ± 0*50°. The purity of the product is proved by the fact that the 
setting-point remamed unaltered after fractional crystallisation from the 
melt, further distillation and contact with anhydrous sodium sulphate. It 
is interesting to note that this phenol, although kept in colourless tubes, remains 
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absolutely “ white,” no trace of any pink colour being developed even after 
more than 3 years. 

The values of the melting-point of phenol recorded in the literature cover a 
very wide range, but the majority lie between 40*5° and 40-8°. These values 
are slightly low, probably owing chiefly to the presence of traces of water, since 
phenol is markedly hygroscopic and water has a great lowering effect on the 
melting-point. 

It is remarkable that most text-books on organic chemistry still accept 42° 
as the melting-point of phenol m spite of the fact that the more reliable measure¬ 
ments are far below this figure, and that Eger* pointed out so long ago that the 
melting-point of pure phenol is not above 40-9°. 

The value now given is almost identical with that of Rhodes and Markleyf 
and very close to that of Hill and Malisoff* for their highly purified products, 
viz., 40*8° and 40*92°, respectively. 

The water used was twice distilled m an apparatus of seasoned glass, with 
precautions to avoid contamination by grease and dust. 

Solutions .—All the solutions were made up in flasks of seasoned glass pro¬ 
vided with ground stoppers. The requisite number of tubes containing the 
distilled phenol were carefully warmed to melt the phenol, which was then 
transferred as quickly as possible to the flask which had previously been 
counterpoised against another flask of approximately the same size and weight. 
After having cooled to atmospheric temperature, the phenol was weighed. 
The weight was corrected to vacuo , and the weight of water necessary to obtain 
the required solution was calculated and corrected to air. Approximately 
the requisite amount was added, the phenol dissolved by warming slightly and 
the whole allowed to cool to room temperature again, when the final few drops 
of water were added to make the correct weight. All concentrations are 
expressed as percentages by weight of phenol, i e , grams of phenol per 100 
grams of solution. 

The conjugate solutions at each temperature were obtained by warming 
phenol and water to above the critical solution temperature and allowing 
the mixture to cool with constant shaking to the desired temperature. It was 
found that separation into two layers was extremely slow, especially at the 
lower temperatures, the milky liquid showing no sign of separation even after 
several days. It was, therefore, necessary to add a trace of electrolyte to 

* 4 Pharm. vol. 48, p 210 (1903); ‘ Chem. Z. Rep.,’ vol. 27, p. 86 (1903). 

t 1 J. Phys. Chem.,’ vol. 25, p. 527 (1021). 

J 4 J. Amer. Chem. 8oc.,’ vol. 48, p. 918 (1920). 
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hasten separation, and in all the experiments three drops of a 1 per cent, 
solution of pure sodium chloride were added to about 250 e c. of the milky 
liquid. This caused complete separation into two perfectly clear layers in a 
few minutes. The layers were carefully removed by means of a warmed 
pipette. 

Determination of Density. —All measurements were made in a thermostat 
with a glass back and front, provided with a sensitive toluene regulator and 
heated by gas from a governed supply. The water in the thermostat was 
covered with a layer of high-boiling paraffin, which not only prevents evapora¬ 
tion but also helps to maintain a steady temperature. Two standard thermo¬ 
meters recently calibrated at the National Physical Laboratory to the nearest 
0-05° were used, and the working temperature was in every case steady to 
within ±0*01°. 

The densities were determined in the manner already described* and are 
correct to the nearest figure in the fourth place of decimals. In determining 
the densities of the conjugate solutions, it was impossible to avoid some 
separation where the apparatus projected out of the thermostat liquid, but 
this was kept as small as possible, and the error is not large. 

The values adopted for the density of water are those of Thiesen f 


Density-Concentration Relation 

The densities observed at all concentrations at each temperature are collected 
in Table I, and the density-concentration curves are plotted in fig. I. The 
values for the conjugate solutions are also included in the figure and the 
boundary curve drawn through them. 

The figure bears a striking resemblance to that of the isothcrmals of a gas 
near its cntical temperature. The curve for 70° is just above the critical 
solution temperature, and shows the slight inflexion characteristic of the 
critical isothermal for a gas. Just as there is apparent discontinuity m the 
gas isothermals m passing from the gaseous to the liquid region, so also there 
is no obvious continuity between the curves for the water-rich and phenol-rich 
solutions below the critical solution temperature. Some discontinuity may 
perhaps bo expected if, as is generally supposed, the solutions on one side of 
the boundary are of phenol in water and those on the other of water in phenol. 
It will be shown later that the conditions existing in solution are not as simple 

* Howell, ‘ J. Chem. Soc.,' p. 158 (1927); p. 162 (1929). 
f Landolt and Bdnuteia’s “ Tables,” p. 73 (1923). 
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as this, and it has not been possible to find a general equation to represent the 
density-concentration curves over their whole range. 

One very striking feature of the curve for each temperature is that a portion 
of it (on the phenol-rich side) is a straight line which, on production, strikes 
the value for water at that temperature. Evidently, therefore, over this range 



Fig. 1. 

the change produced by addition of water to phenol in solution is different 
from that produced by addition of phenol to water initially. The significance 
of this will be discussed in a further communication. It may be noted here 
that this linear relation has been used to calculate the concentration of the 
phenol-rich conjugate solutions from their densities. The assumption that 
it holds up to thiB point is evidently justified from the general form of the 
curves, and especially that for 70°. 
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Density-Temperature Relation . 

The densities arc plotted against the temperature for each concentration 
in fig. 2. All the curves are perfectly smooth, and each is represented by au 
equation of the type 

d c = rf 20 . - a (f - 20) — [3 (t — 20)*, 



Fio 2. 


where a and (J are constants, the values for each concentration being given in 
Table II. 

The densities calculated from this relation are given in Table I, and the 
agreement with the observed values is seen to be very good. 

Although both the density-concentration curves and the density-temperature 
curves are smooth, a very interesting characteristic revealing the conditions 
existing in solution is brought to light when the values of a and (1, the constants 
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in the density-temperature relation (Table II), are plotted against the con 
centration, fig. 3. 


Table II. 


rich solutions 

Phenol-rich solutions. 

X 10*. 

p x 10*. 

Cone, 
per cent. 

a X 10 4 . 

p X 10*. 

2 24 

3 70 

70 

1 

7*23 

1 37 

2 44 

3 64 

75 

7 64 

1 00 

2 04 

3 57 

80 

7-97 

0-67 

2 85 

3 50 

85 

8-12 

0-63 

3 02 

3 40 

90 

8 26 

0-37 



95 

8-42 

016 



100 

8-70 ! 

0 
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As might be expected from the considerations mentioned in discussing the 
density-concentration relation, the two portions of the a curve, corresponding 
to the water-rich and phenol-rich solutions, are not continuous, but, in addition, 
there is a strong inflexion in the later portion at approximately 84 per cent, 
phenol. Although the (3 curve is not of the same importance, since a small 
change in the chosen value of a makes a correspondingly large difference in 
the value of (1, it should be noted that the two portions of the (1 curve similarly 
are not continuous and that the later portion exhibits inflexion at the same 
point as the a curve. 

It may be mentioned here that the constants in the viscosity-temperature 
curves to be discussed in a further communication also show breaks even more 
marked than these, and at the same concentration. This concentration 
corresponds to equimolecular quantities of water and phenol, C 4 H 6 OH. H a O, 
83*93 per cent, phenol. 

The only known hydrate of phenol is the hemi-hydrate,* 2C 4 H 6 OH. H a O, 
and this has been confirmed by a further investigation of the freezing-points 
of the system which will be discussed in a further communication. It is 
interesting to note that although the hemi-hydratc is a well-defined crystalline 
compound, none of the density relations (nor, as will be seen later, those of 
other physical properties) show any indication of its existence in solution. 
It would therefore seem to be extremely unlikely that the relationship, indicated 
by the present results, between equimolecular proportions of water and phenol 
is due to hydrate formation. 

There is, however, the alternative possibility that, in highly concentrated 
solutions of phenol, ionisation occurs in accordance with the scheme : 

C 6 H 6 OH + H a O C e H*OH/ + OH' 

and the discontinuity in question could then arise from the formation of the 
compound [C s H s OH/] [OH']. As the amount of water is increased, there is 
a transition to the well-known acidity of dilute solutions: 

C e H ft OH + HjO C # H 6 0' + OH/. 

In subsequent papers describing the measurements, it is hoped to adduce 
direct evidence on this point, and, further, to examine the properties of sub¬ 
stitution derivatives of phenol. 

♦ Calvert, ‘ J. Chem. Soc.,’ vol. 18, p. 66 (1865) ; Smite and Maaree, 1 Verb. Kon. Akad. 
Wet. A met,/ vol. 14, p. 192 (1911); Rhodes and liarkky, ‘ J. Phys. Chem.,* vol. M, 
p. 527 (1921). 



426 


0. R. Howell. 


Line of Mean Density . 

The density of a liquid and of the saturated vapour m equilibrium with it, 
approach with increasing temperature and eventually coincide at the critical 
temperature. 

The densities of the conjugate solutions of phenol in water and water in 
phenol are analogous. With increasing temperatures the solution of phenol 
in water becomes richer in phenol, and that of water in phenol becomes richer 
in water, so that the densities approach und eventually coincide at the critical 
solution temperature. The curve is shown in fig. 4. 



100 102 1-04 10 (» 


Don ally, 

Fio 4. 

For a liquid and its saturated vapour, Cailletet and Mathias* showed that 
the mean density is a linear function of the temperature ; Law of Rectilinear 
Diameter, but Youngf showed that the mean density is more accurately a 
parabolic function of the temperature. 

* 4 O. R. Acad. Sci. Paris/ vol. 102, p. 1202 (1336); vol. 104, p. 1543 (1*37) 
t ‘ Phil. Mag./ vol. 50, p. 291 (1900). 
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The same relationship has now been found to hold for the conjugate solutions 
in the phenol-water system. Table III gives the temperatures, the observed 


Table III. 


Temperature 

Density 

Water layer 

Phenol layer. 

Mean observed. 

Mean calculated. 

20 

1 0056 

I 0515 

1 0285, 

1 0285, 

30 

1 0028 

1 0423 

I 0223, 

I 0225, 

40 

0 0003 

1 032H 

10160, 

1-0160, 

50 

0 9955 

1 0226 

1 0090, 

1 0090, 

60 

0-9918 

1 0114 

I 0016, 

1 0015, 

62 

0 9914 

1 0087 

1 - 0000 , 

1 0000, 

64 

0 9912 

l 0056 

0 9984, 

0 9984, 

66 

0-9920 

1 0015 

0 9967, 

0 9967, 

66*4 

— 

- 

— 

0 9965, 


densities of the two solutions, the mean of these and also the mean density 
calculated from the relationship : 

= d| 0 * — m{t — 20) — n (/ — 20)* 
where d is the mean density 

m--=0"7!i X l(r 4 
n = 2-50 X 10"®. 

The agreement is seen to be very good. 

It would be of interest to find whether this relationship is true generally for 
systems of two partially miscible liquids. 


The Solubility Curve 

Determinations of the mutual solubility of water and phenol have been made 
by Alexejew,* Rothmund,f Friedlander,t Scarpa,§ Timmermans,|| and Hill 
and Malisoff.^[ 

The most complete of the earlier investigations is that of Rothmund, whose 
results have been generally accepted, his curve having been widely reproduced 

* 1 Ann. Physik,* vol. 28, p. 305 (1886) 
f 1 Z. pbys. Chem.,’ vot. 26, p. 433 (1808) 
l * Z phys. Chem.,' vol. 38, p. 385 (1901) 

§ * J. Chira. pfays.,* vol. 2, p. 447 (1904). 

|| * Z. phya. Chem.,* vol. 58, p. 129 (1907) 

* J. Amer. Chem. Soc.,* vol. 48, p. 918 (1926). 
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in the text-books. The method of measurement was to cool solutions of 
known concentration until turbidity appeared and to warm again until it 
disappeared, the mean temperature being taken as that at which the solution 
is saturated. 

The careful measurements of Hill and Malisoff were made with highly purified 
phenol. Those above 35° were made by the plethostatic method, but those 
below this temperature " by measuring the volumes of the two phases which 
result when the two components are put together in two different but known 
ratios by weight.” 

The series of density measurements given in the present paper afford a 
new method of determining the solubility curve. From the density-concentra¬ 
tion relations, quadratic for the solutions of phenol in water and linear for 
those of water m phenol at each temperature, it is possible to calculate the 
concentration of the conjugate solutions since the densities of these have also 
been determined. The values are given m Table IV, where those of Rothmund 
and of Hill and Malisoff are given for comparison and the whole are plotted 
in fig 5. 

Table IV. 


Tempera- 

lure 

• c . 

Concentration in water layer. 

Concentration in phenol layer. 

Calculated 

from 

densities. 

Rothmund's 

values 

Hill & 
MahsofTs 
values. 

1 

Calculated 

from 

densities. 

Rothmund s 
values 

Hill & 
MalisofTs 
values. 

20 

8 12 

8*40 

8-38 

1 

71*8 

72*2 

72 2 

80 

8-86 

8 92 

9*22 

69*2 

60-9 

69*9 

40 

9-84 

0*78 

10*6 

66*1 

66 8 

66*7 

60 

120 

12 1 

12 5 

61*6 

62*8 

61*6 

AO 

16*1 

17-1 

16*6 

50-1 

66 1 

56 0 

62 

17 7 

18*8 

18*2 

62 8 

63 8 

52-8 

64 

20*0 

20*9 

21 4 

498 

614 

1 48 6 

66 

24*6 

24*2 

* 

44*7 

46*8 

1 



The results arc in very good agreement with those of Rothmund for the 
water-rich solutions and with those of Hill and Malisoff for the phenol-rich 
solutions. 

Rothmund’s values give a comparatively symmetrical curve with the top 
smoothly rounded to the critical solution temperature. Hill and MalisofPs 
curve is much less symmetrical and the top is very flat. The values now found 
from the densities confirm this; the curve is unsymmetrical and the top is 
quite flat over a very wide range of concentration, about 15 per cent. 
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Litw of Mean Concentration . 

The relation between the mean concentration of the two conjugate solutions 
and the temperature has been shown to be approximately linear for a large 
number of systems of two partially miscible liquids, and its resemblance to 
the law of Cailletet and Mathias has been discussed by Rothmund. 



Fig. 5. X Density determinations. • Rothmund. © Hill and M&lisofi. 


Table V. 


Tamper*! ure 

Concentration by weight. 

Concentration by volu 


Water 

layer. 

Phenol 

layer. 

Mean 

obd. 

Mean 

calc. 

Water 

layer. 

Phenol 

layer 

Mean 

ubs. 

Mean 

calo. 

20 

812 

71 8 

400 

40 0 

8 17 

76-6 

41*8 | 

41 8 

30 

886 

69 2 

39*0 

39 0 

8 88 

72*1 

40 5 i 

40*5 

40 

9*84 

60 1 

38*0 

38*0 

9 83 

08 3 

39*1 1 

39 1 

60 

120 

616 

36*8 

36*8 

120 

63 0 

37 6 

37*5 

60 

16* 1 

661 

36 6 

35 5 

16 0 

65*7 

35*9 

36*8 

62 

17*7 

62 *8 

36*3 

36*3 

17 5 

63*3 

35*4 

35*4 

64 

20 0 

49*8 

34 9 

36 0 

19 8 

601 

35 0 

35-0 

66 

24*6 

44*7 

34-7 

34-7 

24 4 

44 8 

34*6 , 

34*6 

66 4 

— 

— 

—. 

34*6 

—'* 


1 

“ i 

34 5 


The values of the concentrations now obtained for the water-phenol system 
are given in Table V. As with the mean density, the mean concentration is 
not a linear function of the temperature but is related by the equation 
Cg. = C*. - x (t - 20) - y {t - 20)*, 
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where C is the mean concentration by weight 


x = 9-0 X 10‘* 
y = 5 • Q x 10~ 4 . 

The calculated values are given and seen to be in good agreement with the 
observed. 

Since the densities of the conjugate solutions are known, the concentration 
by volume can also be found. The mean concentration by volume is also a 
parabolic function of the temperature which is given by the equation : 

(V - C 20 . - x' (f - 20) -y'(t- 20)*, 
where C is the mean concentration by volume 

x' = 1*21 X 10“i 
y* = 7-6 X Hr*. 

The agreement between the calculated and observed values is again satisfactory. 

The smoothness of the mean concentration curves is strong evidence of the 
purity of the materials, since Jones* has demonstrated (with the system acetic 
anhydride-petroleum) that very small amounts of impurity alter the shape of 
the solubility curve near the critical solution temperature, so that the line of 
mean concentration exhibits an abrupt bend in this neighbourhood. Hydrate 
formationf may have the same effect, but, as we have already mentioned, this 
does not obtain in the system water-phenol. 

Critical Solution Temperature. 

The critical solution temperature (conaolute temperature) has been recorded 
by different observers at various temperatures from 66*3° to 70*7°. 

There are at least three reasons for such a wide variation in the values found 
for this constant. Firstly, the critical solution temperature is profoundly 
affected by the presence of impurities, and many observers have not employed 
highly purified materials. Secondly, as Hill and Malisoff have shown, when 
sealed tubes are used for the determination, high values are obtained if no 
free space is left. They attribute this to the production of pressure, although 
the effect of pressure on the critical solution temperature is very small.t 

* 1 J. Chem. Soo./ p. 1177 (1928). 
f Jones, 1 J. Chem. Soc*,' p. 799 (1929). 
t Timmermans,' J. Chim. phys.,’ vol. 20, p. 421 (1223). 
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Thirdly, on cooling, solutions of water and phenol become opalescent before 
turbidity appears, and this is especially noticeable at and near the critical 
solution temperature. Most observers have remarked on this opalescence, 
which is very striking, and are agreed that it is probably due to the scattering 
of light owing to slight variations in density due to local inequalities in tempera¬ 
ture.* Different observers, however, might not agree as to the exact tempera¬ 
ture at which opalescence is replaced by turbidity due to the separation of the 
conjugate phases. 

The value of the critical solution temperature almost universally accepted 
in the literature is that of Rothmund—viz., 68*4°—but, as Hill and Malisoff 
have pointed out, this is definitely too high by 2°. 

Most observers find the critical solution temperature to be a little above 66° ; 
thus Friedlander gives 60-06° and Timmermans 66-09°. Although Hill and 
Malisoff record one value above 66°, they accept for the critical solution tempera¬ 
ture their mean of several readings, viz, 65*85 i 0*15°, which is definitely 
somewhat low, since we have actually determined the densities of the two 
layers which separate at 66°. 

We find the critical solution temperature to be 66*4°. 


Critical Solution Concentration. 

The critical solution concentration (consolute concentration) has been 
determined by many observers by producing the line of mean concentration 
to cut the solubility curve. Since the mean concentration is not a linear 
function of the temperature, these results must be somewhat in error, especially 
as the top of the solubility curve is so flat. 

The relationship given above between the mean concentration, by weight, 
and the temperature, affords a method of calculating the critical solution con¬ 
centration with greater accuracy, see Table V. The value thus found is 
34*64 per cent. 

An additional and interesting check is obtained from the line of mean 
density, which enables the density of the critical solution to be calculated, 
Table III. It has been shown that at each temperature the density-concen¬ 
tration relation for the phenol-rich solutions over a wide range is a straight 
line on which the value for water itself also lies. By plotting the slopes of 
these portions of the curves against the temperature, it is possible to find the 


* SmoJuchowski, 1 Ann. Phywk.,’ vol. 25, p. 205 (1908). 
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slope at the critical solution temperature and thus calculate the critical solution 


concentration:— 

Density at 66*4° of the critical solution . 0-99650 

,, water . 0-97985 

Difference . 0-01665 


Slope of the straight lme at 66-4° = 4*81 X 10 4 per 1 per cent., therefore 

Cone, of solution = \ X v - X 100 = 34-61 per cent 
4*81 X 10* 4 r 

This is in excellent agreement with the value obtained from the lme of mean 
concentration. We may, therefore, accopt 34 • 6 per cent, as the critical solution 
concentration. Hill and Malisoff’s value is 34 per cent, and Rothmund s 
figure, which has formerly been generally accepted, is 36 per cent 


Summary. 

(1) The densities of a series of solutions of water and phenol of different, 
concentrations suitably spaced over the whole range of miscibility have been 
measured at 20°, 30°, 40°, 50°, 60° and 70°. 

(2) The density-concentration curve for each temperature is complex, and 
there is no simple continuity between the portion for the water-rich solutions 
and that for the phenol-rich solutions. The curves are similar to the isothermals 
of a gas immediately above and below its critical temperature. 

(3) The density-temperature curve for each concentration, on the other 
hand, is smooth and is represented by the equation 

d? = <f 90 » + (t — 20) + (3 {t — 20)*, 

the constants a and (5 having different values for the different concentrations. 

(4) The curves of the constants a and (J of the density-temperature relation 
plotted against the concentration exhibit inflexion at approximately 84 per 
cent, phenol corresponding to equimolecular proportions of water and phenol. 
No hydrate of this composition is known, and it is therefore suggested that in 
mixtures of water and phenol, ionisation occurs in two ways :— 

C 6 H 5 OH + H a 0 Z- C e H 5 OH* % + OH' 

“?C r H 5 0' + OH’ 3 
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This explains the absence of simple continuity in the physical properties of 
the water-rich and phenol-rich solutions. 

(5) None of the density relations givos any indication of the existence of 
the known hemi-hydrate of phenol in solution. 

(6) The densities of the conjugate solutions have been determined. The 
line of mean density, as for a gas and its saturated vapour, is parabolic and is 
accurately expressed over the whole range by the equation 

d7 M - dST - 5*75 x 10-* (t - 20) - 2*50 X 10"* (t - 20)* 

(7) The concentrations of the conjugate solutions have been calculated from 
their densities and the solubility curve thus determined is compared with those 
found by other observers from direct measurements. 

(8) The line of mean concentration, like that of mean density, is parabolic. 
For concentration by weight it is accurately expressed by the equation 

wt. Cr* = wt. CSr - 9*0 x 10-* (t - 20) - 5*5 x 10“ 4 (t - 20)* 
and for concentration by volume by :— 

vol. CT" = vol. CoT" —1*21 x 10* 1 (l — 20) -- 7*6 x 10~ 4 (t — 20)* 

(9) The critical solution temperature is 60*4°. 

(10) The critical solution concentration has been calculated both from the 
line of mean concentration and from the line of mean density, and found to be 
34*6 per cent. 
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A Modified Method of Counting Particles . 

By L. H. C. Tippett* M.Sc. (Lond.), British Cotton Industry Research 

Association. 

(Communicated by R H. Pickard, P.R S.—Received April 6, 1932.) 

Introduction and Summary . 

Many physical and biological experiments involve the counting of particles 
which are randomly distributed in space or time. For convenience, the whole 
of the space or time is divided into a number of zones, and the number of 
particles in each zone is counted separately. Thus, when using the hwmacyto- 
meter, the microscope field is divided into a number of squares, and when 
counting under the ultramicroscope “ wnap ” readings are taken of a large 
number of small microscope fields. If a very large number of particles per 
zone is possible, but the average density is relatively low,* the frequency 
distribution of zones with 0, 1, 2, etc., particles, as deduced from the laws of 
probabilities, is described by the Poisson series, and this fact is sometimes used 
as a test of randomness and as a check on experimental technique. 

Assuming the true mean number of particles per zone to be [x and the number 
of zones counted to be N, the N counts giving an observed mean of m, the 
standard error of m, expressed as a ratio of fx, is well known to be Vl/tiN.f 
Thus, for a given number of zones, the greater the density of particles, the 
greater is the accuracy of the mean (so long as the Poisson distribution still 
holds) This is shown by the lowest curve of fig. 1 where the standard error 
of w for a single count divided by [L , is plotted against jx. 

Sometimes, however, it is inconvenient or impossible to work with high 
concentrations of particles, because when there are many particles in a zone 
it may be difficult or impossible to count them accurately. For instance, one 
particle may tend to obscure others, causing some to be missed m the crowded 
zones and resulting in departure from the Poisson distribution. Or if the 
particles are in Brownian motion, as they usually are if of ultra-microscopic 
size, a “ snap ” reading of the number has to be taken, and since few observers 

* These conditions are satisfied if the particles are very small, and the medium in which 
they are distributed is continuous, relative to the dimensions of the zone. See Rutherford 
and Geiger, 1 Phil. Mag.,' vol. 20, p. 698 (1910); Student, * Bioraetrika,’ vol. 6, p. 351 (1907); 
and Wiegner and Russell, 1 Kolloid Z 0 * vol. 52, p. 189 (1930), for examples. 

t True values of constants will be denoted by Greek letters, values estimated from the 
observations, by assuming the Poisson Law, will be denoted by Latin letters with the 
a superscript, and crude values obtained from the sample by plain Latin letters. 
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can estimate at a glance the number of more than three particles, the mean 
has to be kept so low that very few zones have more than three. Thus it is 
common to work with a mean of about 0*5 particles per zone, and, with such a 
low mean as this, a count of even as many as 1000 zones only reduces the 
standard error of the mean to 4*5 per cent. 

There would consequently be a gain in accuracy (or for constant accuracy, 
an economy of labour) if the technical difficulties of counting the higher 



densities of particles could be surmounted This paper suggests a way of 
achieving this end. The method consists in making counts only on zones with 
few particles, those zones with more than a certain number of particles being 
classed together. The mean is estimated from the modified frequency dis¬ 
tribution so formed This method saves time, not only because relatively 
high concentrations of particles can be used, rendering comparatively few 
zones necessary for any given accuracy, but also because the numbers of 
particles in zones with only a few can be counted at a glance, and hence, very 
quickly. A further advantage arises from the fact that a greater range of 
particle densities can be investigated than might otherwise be possible. 

2 o 
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Modified Metfiod of Estimating Mean . 

If all the particles in zones with, say, t or fewer are counted, and the other 
zones are grouped together as having u more than t a frequency distribution 
of the form of Table I can be made, n 0 , n v etc., being fractions of the total 
frequency. 

Table I. 


Number of particle* per zone 

0 

1 


* 


t 

more 
than t 

Total 

Proportionate frequency of zone* 

» 0 

*i 




n t 

*r 

1 


Let n p be the number of zones with t particles or fewer, so that 
w p = w 0 + w i + . n u 

and let m f be the mean particles per zone, neglecting zones with more than t % 
so that 

m'n 9 — 0 . n 0 + 1. % + ... s . n a + ... t . » t . 

Then if m is the estimated mean of the Poisson series that best fits the data, 
it may be found by solving the following equation, the proof of which is given 
in the Appendix: 

m n p = m [n p — n r J^j 

The factors m'n pt n r and n v are obtamed from the observations; h t and n r 
involve only m as an unknown and can be calculated directly from it, values 
may be obtained from Soper’s* tables of the Poisson distribution. For t = 1, 
2 and 3, h t jh r has been calculated from Soper’s tables, and is given in Table 
IV. Values of m which nearly satisfy the equation may be obtamed by trial 
or from the nomograms mentioned later, and a more accurate value may be 
determined by interpolation. An example is worked out below. 

When t = 0, that is, when the zones are divided into two classes, those with 
particles and those with none, the value of m corresponding to any value of n 0 
may be found directly from Soper’s tables. For t = 1, 2 or 3, m may be deter¬ 
mined accurately enough for many practical purposes from the nomograms of 
figs. 2, 3 and 4. The nomogram has three scales, w r , m r n p and m, and each 


* Pearson, “Tablet for Statistician* and Biometrioian*,’’ Camb. Univ. Pres* (1914). 
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figure has two such nomograms covering different ranges of m . The corre¬ 
sponding scales of each pair are drawn consistently in thick or thin lines, and 


2 a 2 
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Fig 4 
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it will be seen that if the left-hand scale of m covers the appropriate range, 
the left-hand scales of n f and m'n P must be used in conjunction. In few 
places are imperfections of draughtsmanship likely to cause errors in m greater 
than 0-02 particle, while most determinations should be correct to 0-01 
particle. 

Since the nomograms and tables only cover a limited range of conditions, 
experimenters may often need to solve the equation from the beginning, and 
the following example illustrates the process. The data, given by Rutherford 
and Geiger (foe. cut.), arc numbers of a-particles emitted in intervals of 1/8 minute 
and from them the distribution of Table II is obtained. Now, the proportionate 


Table II. 


No of a- particles per interval 

! o 

i___i 

i 

2 

1 

: 3 

4 

more 
than 4 

Total. 

Frequency of interval* 

67 

203 

| 383 

525 

532 

008 

2508 


frequency of intervals with zero particles is 57/2608 = 0-0227, and, assuming 
the Poisson distribution, the nearest value of ?% in Soper’s tables which has 
this frequency with zero particles is 3-8. Hence, to obtain m more accurately, 
the right-hand side of the equation will be calculated for m = 3-7, 3*8, 3*9 
and 4-0. From Table II, the following constants are obtained :— 


4672 

2608 


m n 9 = —— — 1 *7914, 


n r = S = 0-34816, and n„ = 0 -65184. 
2608 


The first three columns of Table III are obtained from Soper’s tables, and 
from them and from the above constants, the values in the other columns are 
deduced. The last column contains values of the term on the right-hand 


Table III. 


Hi. 

a,. 

V 


-k- 

n _ n "4 
», » f _. 


3*7 

0*193056 

0-312780 

0-617258 

0-21490 

0*43694 

1*6167 

3-8 

0-194359 

0-3321S6 

0-585144 

0-20372 

0-44812 

1-7029 

3 9 

0*195119 

0-301634 

0-554892 

0-19319 

0-45865 

1-7887 

4 0 

0-195357 

0-371162 

0 526355 

0-18326 

0-46858 

1-8743 
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side of the equation, and the value of m which satisfies it is a little greater 
than 3*9, and by linear interpolation between 3*9 and 4*0 it is calculated 
to be 


1-7914 - 1-7887 
1*8743 - 1-7887 


X 0-1 — 3-903. 


Now, using another arrangement by counting only up to three particles per 
interval, m'n 9 — 0-9756, n r = 0-5521, and from the nomogram of fig. 4, 
m = 3-91. If all the particles are counted, Rutherford and Geiger give the 
full distribution, the mean equals 3-871. The difference in the results given 
by the three methods is much less than the standard error of the mean. 


Standard Error of Mean 

Let the standard error of a mean, determined from the above equation, bo 
a/a, and let p and v (with appropriate suffixes) l>e true values of m and ft ; 
then <Ta for a single zone may be obtained from the following equation: 

<5 = (t* -1) • 

As usual, when the true values of the constants are unknown, estimates 
obtained from the sample are substituted as a first approximation. In fig. 1, 
ct^/(x is plotted against p for i = 0,1, 2, 3 and oo ; if there is a total of N zones, 
these values of a^/p must be divided by VN. 

As might be expected, the standard errors of the means obtained by the 
modified method are greater than those of means obtained from the full 
distribution. For each value of t, there is an optimum density. When t — 3, 
this density is at about 4-2 particles per zone, when <r^/p is 0-59 If now all 
particles are counted, with a mean of 0-5 (a common case of ultra-microscop© 
observations), d^/p i -43, and to obtam an accuracy by this method equal 
to that of the modified method with t — 3, nearly six times as many zones 
need to be counted, the number of zones for constant accuracy varying inversely 
as the square of a^/p. 

Goodness of Fit . 

Before any modified method is used, it is obviously necessary to test, the 
basic assumption that the Poisson distribution applies. This may be done 
directly for a few representative test oases where all particles can be counted, 
or indirectly by using different concentrations of particles bearing known 
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relations to each other, and seeing if the means estimated by the modified 
method bear the same relations. 

Where this is not possible, the estimated frequencies in the modified dis¬ 
tribution may be found with the aid of Soper’s tables, and compared with the 
observed frequencies by means of the well-known P, y 2 test for goodness of fit. 
Since the total and mean arc both estimated from the sample, the degrees of 
freedom are two less than the number of frequency groups (t.e. = t), or 
Klderton’s tablesf should be entered at ri equal to one less than the number 
of frequency groups (n — i + 1). 

The estimated frequencies for a mean of 3-903 and total of 2608 arc given 
in Table IV, and when these are compared with the observed frequencies of 
Table II, x 2 = 2-3G, n' =: 5, and (from Elderfcon’s tables), P^0-7. When 


Tabic IV. 


No. of particles per zone 

1 1 

f° ! ' 

! 2 

i 

i 

3 

4 

More 
than 4 

Total 

Expected frequency per zone 
(M -= 3 903) 

I 

1 62 6 205 4 

1 1 

i 1 1 

400 9 

321 5 

i 

j 508*9 

918 7 

2608 


the Poisson series is fitted to the full distribution (m = 3-871) and the same 
final grouping is adopted for comparison, y 2 = 2-97. The difference between 
the two values of y 2 is of no importance. 

It will be noted that when the mean is found by the modified method, no 
errors m x 2 aw introduced by combining the tail frequencies, as is the case 
when the combination is done after the theoretical distribution has been fitted, 
see Sheppard,} and Neyman and Pearson.§ 

Applications 

The saving in labour resulting from the adoption of the modified method of 
counting when applied to the ultramicroscope has been shown to be con¬ 
siderable. Even when it is possible to count every particle, time may bo 

* Fisher, R. A. t “ Statistical Methods for Research Workers/ 1 3rd od. Oliver and Boyd 
(1930). 

t Pearson, loc . ett . 

t Sheppard, W. F, • Phil Trans / A. vol 228, p. 115 (1029). 

S Neyman, J., and Pearson, E. 8., “ Further Notes on the y 1 Distribution/* 1 Biometnka/ 
vol. 22, p. 298 (1931). 



Modified Method of Counting Particles . 443 

saved by adopting the modified method. With a density of 4*2 particles per 
zone, cra/p. = 0*49 when all are counted, and 100 zones give the same accuracy 
as 140 counted by the modified method when t = 3. With the standard 
method, zones containing many particles take some time to count, while with 
the modified method they can all be estimated at a glance, and it may well be 
that 140 counted in this way take less time than 100 with every particle counted. 
The method could usefully be explored in places where a large amount of 
routine work is done, e.g. t bacteriological laboratories. 

Where the counting is difficult, and involves eye-strain, it has been found 
advantageous to use the modified method with t — 1. Where there is con¬ 
siderable risk that the presence of even one particle may interfere with the 
observation of a second which may be present, the modified method may be 
used with / ~ 0. When the true mean is 1*6, the standard error of the mean 
so estimated (expressed as a ratio of that mean) is only 1*24, and this is less 
than the corresponding standard error for [x~0*5, when all particles are 
counted, that is, the accuracy of the modified method with t - 0 is greater than 
that with which many ultra-microscopists have to l>o satisfied. 

Besides resulting m a possible saving m tune, these modified methods 
enable a wider range of particle concentrations to be used than is sometimes 
possible with the standard method 

Appendix 

Deduction of Formula and Construction of Nomograms . 

Table V is a frequency distribution of zones, n B being the observed propor¬ 
tionate frequency with s particles, and n t being the corresponding frequency 
in the estimated Poisson series. If the estimated mean is m, then 

and a f = 1 — *2 — c‘ r \ 
o * i 

Table V 

__ | 

No. of particles per zone 0 1 j * 

, _I... 

i 

Frequency of zones— 

Observed n * 

Pouwon senes #o ** 
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Estimation of Mean 

The mean of the series, m, may be estimated by the Method of Maximum 
Likelihood,* and this is done by determining the value of which makes the 
quantity, 

£ n 9 log h B (1) 


a minimum, the summation extending over all frequency groups, 
the “ more than t ” group. 

Now 

~ n $ log h 8 — “ — n t for s =0 to $ — t 
dni m 


and 


~ n r Iok h T = ^ | s' K - 2 a._ x l = n ^ 
cm n r L, =0 ,=o J r n r 


including 


( 2 ) 


Hence, the differential of (1) with respect to hi, equated to zero, yields the 
equation 

l »=t f, 

- S sn,~ S n, + n r ^ 0; 

m .r-o ... n T 

or, putting the proportion of zones with t particles or fewer) 

t 

and £ 8n $ = m'n p (tn = mean particles per zone for zones containing t 

ImO 

particles or fewer), 

*»'», = m ( n p — n r |j. (3) 


Since h t and n r involve only m as an unknown, and w!n v , n p and n r are 
determined from the observations, equation (3) can be solved for m. A general 
solution has not been discovered, but it was found that a nomogram could be 
formed and three are given in figs. 2-4. The two sets of side scales m figs. 2-4 
are linear scales of n r and m’n r The points on the scale of m were determined 
empirically by assuming successive values of iii and finding pairs of values of 
m'n p and n r which would satisfy equation (3); lines were drawn cutting the 
side scales at appropriate values, and their intersection gave the position of m 
on the central scale. Three or more such lines for one value of m always 
intersected at one point. The ultimate choice of dimensions of the nomograms 
was made after several trials. It was found that the points forming the scale 
of m fell on lines which were nearly straight, and the final nomograms were 


* Fisher, ‘ Phil. Trana.,’ A, vol, 222, p. 309 (1922). 
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made by determining accurately 2, 3 or 4 points covering the range of the rk 
scale, joining these by one, two or three straight lines, and thus forming the 
backbone. Then for intermediate values of m, corresponding population 
values of m’n p and n r were found from Soper’s tables, and the intersections 
with the backbone of lines joining these values on the side scales wero marked. 
Thus, errors of draughtsmanship are least for the values of m'n p and n r which 
are most frequently encountered. This was found to be more satisfactory 
than the method of finding the points of m separately and joining them with a 
curve drawn by eye to smooth out small irregularities. 


Standard Error of Estimated Mean. 

If is the standard error of the mean, estimated by the method of maximum 
likelihood, 

1 s“ 22 

( 4 ) 


1 s=r 3 2 

- 7 == £ XT* n, log fi t 

or/ « a0 dm 2 


where the bar indicates the mean value of the quantity in all samples that can 
be drawn from the population. 

Differentiating equations (2) again, 


and 


for * — 0 to s — t, 

n r log », = £*( n|_! — n, - ?£-), 
cm 2 n 9 n r I 


whence, substituting in (4), 


Of}? 



( 6 ) 


The mean values of the terms of (5) are the population values (denoted by 
corresponding Greek letters), and they must also satisfy equation (3). Hence 
the following equation may be obtained. 



(av, - frV, + |xv ( (n V r - ^- V < - l). 

\ v r 


( 6 ) 


Since the frequencies in (6) are fractions, the standard error obtained is for 
a count on a single zone. 

When t = 0, 

o** = (-1 — l) = — 1, 
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and when t — co (t.e., when all the particles are counted), 

Ofl* — (A. 

The points for fig. 1 were obtained from equation (6) with the aid of Soper’s 
tables. 


Table VI.—Values of h,/» r . 


fit. 

l=* 1. 

t — 2. 

3 - 

fit 

t -1. 

1 = 2. 

i ai 3 





2 0 

0 263S9 

0 52131 

0 82414 





2 7 

0 24151 

0*48370 

0 77112 





2*8 

0 22144 

0*44930 

0 72220 





2 9 

0 20316 

0 41701 

0*07698 

0 5 

3-3620 

5 269 

7 21 

3 0 

0 18650 

0-38842 

0*03510 

0 6 

2-7013 

4 274 

5*88 

3 1 

0*17129 

0 30147 

0 59022 

0*7 

2 23106 

3 5634 

4*934 

3 2 

0 15738 

0 33056 

0*56007 

OB 

1 87996 

3 0320 

4 223 

3*3 

0*14466 

0*31351 

0*52640 

0-9 

1 60829 

2*6197 

3-671 

3 4 

0 13300 

0 29215 

0-49001 

1 0 

I 39220 

2 2906 

3 229 

3 5 

0*12231 

0 27234 

0 46069 

1*1 

1 21659 

2 0223 

2 869 

3 0 

0*11250 

0 25394 

0-43828 

1 2 

1 07132 

1 7995 

2 5687 

3 7 

0 10350 , 

0 23683 

0*41262 

1 3 

0 94939 

1*0117 

2 3156 

3*8 

0 09524 

0 22092 

0 38867 

I 4 

0 84582 

1 45142 

2 0992 

3 9 

0 08764 1 

0*20011 

0*30002 

1*5 

0 75693 

1 31319 

1 9120 

4 0 , 

0 08065 

0*19232 

0*34485 

1 6 

0 67997 

1 19289 

1 1*7488 

4 1 

0 07422 | 

0*17946 

0*32406 

MEM 

0*61285 

1 08733 

1*6052 

4 2 

0 06831 1 

0*10747 

0 30626 

MEM 

0 55391 

0 99408 

1 4780 

4*3 

0 06287 

0 15028 

0 28867 

■va 

0*50186 

0 91120 

1*36460 

4 4 

0 05786 

0 14585 

0*27212 


0*46568 

0*83715 

1 26296 

4*5 

0 05324 

0 13010 

0 25053 

2 1 

0 41452 

0*77007 

1*17139 

4 6 

0-049C0 

0 12700 

0 24184 

2*2 

0 37768 

0*71072 

1 08853 

4*7 ! 

0*04509 

0*11851 

0 22799 

2*3 

0*34461 

0*65646 

i 1 01323 

4 8 , 

0 04148 

0*11057 

0 21493 

2 4 

0*31483 

0 60719 

0 94458 

4 9 

0 03810 

0*10315 

0 20261 

2 5 

0 28793 

0 56231 

! 0*88177 

1 

5 0 

i 

0 03511 

0 09022 

0 19099 
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The Collision of a -Particles with Atomic Nuclei . 

By H. S. W. Massey, B.A , M.Sc., Exhibition of 1861 Senior Student, Trinity 

College, Cambridge. 

(Communicated by R H Fowler, F.R S.--Received April 20, 1932 ) 

Since the introduction of the concept of nuclear potential barriers by Gurney 
and Condon* and by Gamowf a great deal of attention has been concentrated 
on the behaviour of such systems As a consequence of this there has been a 
considerable increase of knowledge of nuclear phenomena, particularly in so far 
as these are concerned with a-particles. As a great proportion of experimental 
investigations in nuclear physics are concerned with the; observation of effects 
due to impacts of a-particles on nuclei, the theoretical investigation of such 
collisions is of great interest. In this connection difficulties arise owing to the 
strong perturbation of the a-particle wave by the nuclear potential barrier 
This renders the ordinary theory of collisions, due to Born,.£ inapplicable and 
this failure of the usual theory was not realised for some time. A more suitable 
theory has never been developed explicitly, though formulae which one would 
expect to derive from such a theory have been used. In this paper a suitable 
theory is developed Besides establishing the validity of the above formulae, 
this theory is also applied to the consideration of the probability of a-particle 
exchange on impact and to the elastic scattering by light nuclei (Mg, Al, etc ). 

It is shown that a-particle exchange is of considerable importance when the 
energy of the incident a-particlc coincides with that of a virtual level of the 
nucleus and will have the effect of broadening the level 

We will now consider the general theory 

1. General Theory . 

Let us consider the impact of an a-particle of mass M on a nucleus of mass 
M f such that MM'/(M + M') is nearly equal to M. Deaote the aggregate of 
co-ordinates of the nuclear particles by r N> of the incident a-particle by r. 
The wave equation for the combined system is 

liStf V * + H ^ ) + E- V( f ) r N ) jT = ° > (1) 

* ‘ Nature,’ vol. 122, p 439 (1928). 

t ‘ Z. Phyaik," vol. 51, p. 204 (1928). 

{ ‘ Z. Phyaik,’ vol. 38, p 863 (1926). 
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where H is the Hamiltonian describing the internal motion of the nuclear 
particles, V(r, r N ) the interaction energy between the incident particle and the 
nucleus, and E the total energy of the system. We require a solution of this 
equation which is finite throughout space and has the asymptotic form 

^ + £+ l (r J r)^/ i (6 l # > (2) 


for large r. Here (r N ) are the wave functions of the various nuclear states 
and the wave numbers k 8 are such that the conservation of energy is satisfied, 




(E.-E 0 )}, 


where E, is the energy of the sth state of the nucleus, and that of the 
incident oc-particle. Having obtained a solution in this form, the probability 
of excitation of a given nuclear level becomes 

Q. = £[[|/. (e > <£)|*»in0d0df (3) 


To obtain an approximate solution with these properties we expand the func¬ 
tion V in the form 

^ = 2 *.('«) F.(r). (4) 

Substituting (4) in (1) we find 

2. V* + (E — E,)] F, (r) = V (r, r ) T. (5) 


Multiply (5) on both sides by and integrate over all co-ordinates of the 
nuclear system. This gives, from the orthogonal properties of the functions 

[~ V* + (E - E.)] F. = J V (r, r N ) «j,„ dv s F u . (6) 


In order to obtam a satisfactory approximation to the solution of this system 
of equations, we neglect the non-diagonal matrix elements of V with respect 
to the nuclear wave functions, except those associated with F 0 (the incident 
and elastically scattered wave). We then obtam 

V s + (E - E.)] F, = j V (r, r H ) U, dv s F. + j V (r. r N ) U, dv s F 0 

« = 1 , 2 , ... 

[^j V* + (E - E 0 )] F„ = j V (r, r N ) ^ dv s F 0 . 


( 7 ) 
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Before considering the solution of these equations we will consider how the 
ejection of protons with oc-particle capture, and also a-particle exchange, can 
be brought into the scheme. 

A solution in the form (4) above must include these possibilities and, just as 
for collisions of electrons with atoms where electron exchange may take place, 
they arise from the terms of representing excitation of nuclear states such 
that F, corresponds to a negative energy of the a-particle. In order to obtain 
approximate equations for proton emission and a-particle exchange it is, 
however, not convenient to use the expansion above, but to expand in terms 
of the wave functions of the final system Wc take instead of (4) 

T = S+ < (f, r ')O l (0. (8) 

where (r N # ) is a wave function of the nucleus formed by the collision, and 
r N ', / denote the aggregate of co-ordinates of the nuclear and outgoing particles 
respectively. If wc are concerned with proton emission, the probability of 
finding the nucleus in the state ( after the collision is given by 

= | ( 9 ) 

jf 

For a-particle exchange wc must proceed as shown in section (2c), as the final 
nuclear states are then indistinguishable from those which occur in an inelastic 
collision without exchange. 

Proceeding as before, we obtain the equations 

+ (E “ E(, l G ‘ s ” J v (,# * r *' ] (l0) 

In order to approximate to the solution of this system of equations we neglect 
non-diagonal elements of V with respect to the wave functions of the final 
nucleus, and take 

r = a t (r')^(r s ') + F l) (r)^(r s ), ( 11 ) 

for the calculation of G t . This gives 

[s» v '* + (E ~ E,) l G<== j V < r '> r *' } ^ dv * G ‘ 

+ jv (r', r N ') F 0 (r) + 0 (r N ) (r N ') dv s \ (12) 
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Having now obtained the differential equations for the various scattered waves, 
we will investigate the solutions of the equations and the formulas these solutions 
lead to. 

Solution of Equations —The equations occurring are all of the form" 1 

IV* -(- * 2 - V (r)] X - 2a„ <r) P„ (cos 6). (]3) 


We require solutions of these equations satisfying the following conditions :— 


Cr* r 

(1) For large / they must tend to — / (0); 

r 

(2) They must be finite and single valued everywhere. 
Expanding jr in the form 


X = 2 x» ( T ) Pfi (cot* % (14) 

we find 

•fc, tan) + | ** - V (r) - (r/ n )= ra n (r). (15) 

Now if L„ r , L n f are two independent solutions of the homogeneous equation 
+ {** - V (r) - j) | r/n - 0, (16) 

the general solution of the inhomogeneous equation (15) takes the form 


An 



(OV (r') r'*dr' + 





(17) 


<?i, Cj being arbitrary constants. Then, if we choose the solutions L n c , h n f so 
that ^ B c is finite everywhere, and tends asymptotically to 


“ cos {kr - 1 (n -| 1) it + S„}, 
and L/ tends asymptotically to 

- e » < t' - -ln»+* n ) 


(18) 

(19) 


a solution of (lfi) satisfying the required conditions, will clearly be 

Z„ - \ [w j' «„ (/) W («•') r'Hr' + L„' [' o n {/) L„« (/) dr'}, (20) 

* This foim ih stnetly correct only when the final nucleus is in an 8 state and ho haw 
a spherically symmetrical field. When it w not wc may imagine the field as averaged 
over all onentations before solving the equation. 
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80 

) /•«© 

X- ^ j # «„ MV(r>''dr'. (21) 

Substituting m the expansion (14) we find then 

X ^ e,(ir_1 " +< " > On (O V (O •* (22) 

In order to obtain this sum in a closed form as an integral it is easy to see 
that, if we write 

2vUr)P n (cos 0) = H(r, 0), 

then 

z ~ 7 ~ e - (h (r', 9') F (/, &) dv', (23) 

4?i r J 

where F (f, ©) is the solution of the homogeneous equation which tends asymp¬ 
totically to 

-i- 2 n C _i6 n (2w + 1) cos {kr — 1 (w -f 1) 7r +- S n } P tt (cos 0), (24) 

i.e., is the wave function representing the motion of a-particles in the field, 
so normalised as to correspond to an incident plane wave of unit amplitude and 
an associated converging spherical wave. The angles O', 0' are the angles the 
directions of the incident and outgoing plane waves, respectively, make with 
a fixed axis. Solutions normalised in the same way as F (r, 0) will be denoted 
by German script as g (**, ©)• 


2 Application of the Solutions. 

(a) Inelastic Collisions without Exchange or Proton Emission .—For these we 
have the differential equations 

[v* + V-9£IJv (r, r N ) dv N ] F. - ^ [ V (r, r N > <J/ 0 +. d» N F 0 . (25) 

Using (23), the required asymptotic expansion of the solution is simply 
2rcM e ,k,r , 


F. 


A* r 


J V (r, r N ) <i/ 0 (r N ) (r N ) F 0 3, (r) dv K dv, (26) 


where g, is the solution of the homogeneous equation corresponding to motion 
of a-particles in the field of the excited nucleus. 

Substituting in (3) the cross section corresponding to this excitation is simply 

Q« = —^ | J j | v (r, r s ) i|/ 0 (r s ) ^ (r N ) F 0 (r) g, (r) d% dv * sin 0 d0 (27) 

2 H 
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This formula is just the one used without proof by Gamow in Chapter IV of his 
book,* for F 0 , are the incident and final wave functions of the colliding 
a-particle in the fields of the initial and final nuclei respectively. They are 
functions already perturbed by the interaction energy. It is perfectly clear 
from this formula that the first approximation of Bom’s theory would be 
completely inadequate as F 0 (r), (r) differ very greatly from plane waves in 

the region of the nucleus from which comes the main contribution to the integral 
above. 

The order of magnitude of Q, has already been estimated by Gamow and 
will not be investigated here. 


( b ) Proton Emission with a -partwle Capture .—For this we have 
{v'*+ k*- 9S25J V (r\ r s ') (V) & (r N ') **'} G t (/) 

ir'. V) Fo (r) (r s ) (V) (28) 

Using (23), the asymptotic expression of G t becomes 

G * ~ 9" 1 V (/ ' ^ F ° (T) +0 (rN) (rN,) ®‘ (/) d °«' dv ' (29) 


so the probability of excitation with proton emission is 


Q i- 


A* k 



V (r r N ') F 0 (r) (r N ) (r N ') (/) dv s ' dv sin 0 d0. (30) 


This is the formula used by Gamow on p. 96 of his book, F 0 (r) (r N ) and 
(r N ') (/) being the initial and final wave functions respectively. As 

Gamow has already estimated the value of Q ( , we will not proceed any further 
with this. 

(c) a -particle Exchange .—In this case we have an exactly similar formula 
to that above with M' = M. However, the effect of this a-particle exchange 
cannot be represented by the addition of the corresponding cross section to 
that of the non-exchange process, for we must obtain the wave function of the 
system of nuclear plus incident a-partieles, symmetric in all the a-particle 
co-ordinates. 

If N is the number of nuclear a-particles the co-ordinates of which wo denote 
by r v . r Sl the incident a-particles being distinguished by the suffix N + 1, 


* ** Atomic Nuclei and Radioactivity,” Oxford University Frew. 
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the wave function (r r .. , r N , r N4 3 ) obtained above will have the asymptotic 
form 

v (ri. • . rw+rn) ~ S. +. K. .. , f») /, (6, 0 

*N + 1 

+ 2, E f iji, (r lf , i>-i, t p h i, .. , ?b+i )-—^ ^ 

+ <M r i> .,r N )e‘* x v +1 

The wave function symmetric m all the oc-particles will then be 

i) ( r i» - r *-i» r *>ii> » r N+x* ***)• (32) 

Using this function to compute the ratio of scattered current to incident, we 
find for the total cross sect ion corresponding to the excitation of the sth nuclear 
state, 

Q. - I* j| /. (6, 4) + % (9, 4) |» am 6 dO d4 (33) 

For the moment we will restrict ourselves to the case of elastic scattering 
only. Then, taking 8 = 0, we have, using (29) above, 

9o ( e > 4) = | v (r’> r*') Fo (r) + 0 (r H ) <K ( V) 3 0 (?) <*V dv', (34) 

for in this case ($, is simply equal to 3 0 , both the incident and ejected a-particles 
moving in the same field. The functions are normalised to represent an incident 
wave of unit amplitude and the associated scattered wave. 

3. Estimation of the Exchange Effect . 

In order to estimate the magnitude of the exchange effect we use a method 
very similar to that used by Uamow (Joe. dt.) m considering the emission of 
protons. 

We expand F 0 and V (/, r N ) in a series of spherical harmonics and take the 
ground state of the nucleus to be an 8 state. Then 

F 0 = S B i” (2« + 1) F 0 " (r) P* (cos 0) 1 

3 0 = 2*i* (2n + 1) e- 6 " F 0 * (r) P n (cos 6) >, (35) 

V (/, r) = S n V n (/, r) P* (cos y) J 

where y is the angle between the vectors r', r. Substituting in (34) wo find 

9o (0. 4) = tt p n (cos 6) II V n (/, r)F 0 n (r) F 0 " (/)& {r)^(r')r^drir\ 
H JJ (36) 


2 H 2 
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where Xo 18 the wave function of a single a-particle m the ground stato. It is 
clear that, since x ( T )> Xo ( r ) are negligible outside the nucleus of radius r 0 , 
the only appreciable contribution to the integral arises from the region inside 
the nucleus. As a consequence we need only consider the form of the various 
wave functions in this region. These may be written in the form 

(r)e±I *> Xo=±Z(r), (37) 

where Q is the volume of the nucleus and I B is given by* 

T _ 47r 2 Zc* 4neV2M (, . A* »(n + l)\ nf » 

-— VMr *l + SS — —> <38) 


The plus sign is to be taken only at a resonance level, the negative sign m all 
other cases. £« represents a wave of approximately unit amplitude and Xo 
is normalised in the usual manner. 

Substituting these expressions we find 


9. (8, # ~ P. (COB 8) .*«. | V, (. (r) HlH'n r'tfiri/. 

40W « 1 (39) 

The integral is a certain mean of the interaction energy, which we may denote 
by V„, giving finally 


<7o( 0 . <f>) - 


2tcM 

A l flFr * 


S n e sw «e ±2I « V„ P„ (cos 0). 


(40) 


The chief interest of this formula is that it shows that the probability of 
a-particle exchange is very small except at a resonance level, owing to the 
presence of the term 

e ±2r *. 


At a resonance level one must take the positive sign for the exponential and 
the formula (40) cannot then be regarded as valid. It shows, however, that 
the effect of exchange will be large under these conditions. This would be 
expected since it is clear that exchange will only take place with appreciable 
probability if the wave functions of the two exchanging particles overlap. At 
a resonance level the overlap will be considerable and so we expect the above 
result. 


* This formula holds provided nia not too large. When n w large then V m will be very 
small and such terms may be neglected. 
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The most interesting effect of a-particle exchange is that it will result in a 
broadening of the level, as may be seen from the following considerations. The 
breadth of a level is inversely proportional to the time that the a-particle stays 
in the level. If there is a considerable probability of the a-particle exchanging 
places with another in a lower state this time will be reduced and the level 
correspondingly broadened. 

The effect of a resonance level on the direct elastic scattering has been 
investigated by Mott.* Any deviations from the results which he obtains 
must be due to a-particle exchange, and it would thus be of interest to 
investigate experimentally the deviations from classical scattering under these 
conditions. 


4. Anomalous Scattering . 

The anomalous scattering of a-particles has excited considerable interest, as 
it appears to offer a means of determining the nuclear field of force. Thus on 
classical theory it was possible to derive the form of the law of force which would 
give rise to the observed scattering, but it soon became clear that laws deduced 
in this way were of little significance. The classical theory could not be 
expected to hold. A number of attempts were then made to use the first 
approximation of Bom’s quantum theory of collisions in order to derive the 
law of force Such methods gave results of as little significance as those given 
by the classical theory. ThiB is due to the fact that the first approximation 
of Bom’s theory calculates the scattering by integrating the amplitude of the 
spherical waves scattered from each element of a plane wave and neglects the 
contribution from the scattered waves themselves. For the case of particles 
moving m a powerful repulsive field this approximation is a very poor one, for 
the effect of the field is to prevent the wave penetrating within a certain effective 
diameter so giving no contribution to the scattered amplitude integral from 
the enclosed region. In Born’s first approximation this is just the region 
which gives rise to the greatest contribution to the integrals concerned. As a 
consequence the first approximation gives much too great scattering and this 
was exhibited by the very small nuclear radius obtained with its use. 

It is therefore necessary to obtain a more exact solution of the equation (7) 
representing the elastic scattering. Beckf considered this equation in general 
terms and showed how a qualitative interpretation of the experimental observa- 

* ‘ Proc. Koy. Soc.,* A, vol. 133, p. 228 (193L). 
t 1 Z. Phy&ik/ vol. 62, p. 331 (1930). 
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tions could be made in terms of the nuclear radius. The quantitative applica¬ 
tion of this method is very lengthy, but has been carried out by Taylor* for 
the scattering by hydrogen and helium with very interesting results. For the 
heavier light elements such as aluminium the complication of calculation is 
very much greater, and in any case it is clear that it is not possible to determine 
the nuclear field from the observations, for the following reasons. All that we 
can hope to obtain is the height of the potential barrier and a rough idea of the 
rate of fall of the potential near this peak. 

Consider the impact of an a-particle on the nuclear potential field. Slow 
a-particles will not be affected by the field as their density in this region is, 
in any case, very small. Unless (he a-particle penetrates appreciably the 
deviations from Rutherford scattering will not be great and can be considered 
merely as a small perturbation of that due to the Coulomb field. Measure¬ 
ments of such deviations will only give the radius of the nucleus and practically 
no information as to the internal field. When the a-particle penetrates 
considerably we may neglect the effect of the Coulomb field and the problem 
of the scattering of a-particles becomes precisely similar to the scattering of 
slow electrons by atoms. Owing to the overlap of the wave functions of nuclear 
and incident a-particles, a-particle exchange becomes important and also 
the perturbation of the nuclear field by the incident particle, just as m the 
case of the scattering of slow electrons by atoms. The introduction of these 
effects prevents any significant determination of the nuclear internal field. 
It is true that a field may be obtained which gives the observed results, but 
such a field is not of any great physical significance. 

It appears then that it is only possible to determine the nuclear radius and 
this may be done by means of an approximate method which will now be 
described. This method only applies when the perturbation of the incident 
wave (by this is meant the wave incident in the Coulomb field, not a plane wave) 
is small and the scattering does not deviate greatly from classical scattering. 

The equation for the elastic scattering without exchange is 

[v» + P-^V(r)]F 0 = 0, (41) 

where 

V (r) == J V (r, r N ) | (r N ) |* dv s , (42) 

♦ ‘ Proc. Roy. A, voJ. 134, p. 103 (1931) ; 4 Nature, 1 vol. 129, p. 66 (1032); and 
in course of publication. 
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and i8 the potential of the static field of the nucleus. We then write (41) in 
the form 

[y *-f = (r) ^ (43) 

where V' (r) represents the deviation of the potential from the Coulomb value. 
A solution of this equation is required winch will tend asymptotically to the 
sum of an incident and scattered wave. To obtain this we expand the function 
tj; in the form 

+ = 2 < A^(r)P a (cos0) > (44) 

giving 

d 2 / | v , f»2 8 tc 2 JV1 Ze 2 a ($ + 1) ] . x t w . , /Ar , 

_ (f+j +1 '—r-J j(4.) = _ v (r) H.). (45) 

In order to solve this equation approximately we consider the right-hand side 
as a known function by neglectmg the effect of V' (r) on the wave function <]/, 
in the first approximation. Now it has been shown by Gordon* that solutions 
of the equation with V'(r) zero may be obtained which have the asymptotic 
form 

rL g c (r) — cos {kr — n log 2kr — ^ (s + 1) n + a,} 

rL t e (r) — exp ±i{kr — n log 2 kr — i (* + 1)« + <tJ, (46) 


respectively. Here 

_ 4n*MM 2nZ<* 
n kh• ~ hv 


and a, — arg T (in + 1). 


The first of these solutions is finite throughout space, and so is the solution 
which represents the scattering of waves by the Coulomb field. Gordon 
showed that 

E, A t L/ ( r) P, (cor 0), 

represents a plane wave of unit amplitude and the corresponding scattered 
wave, if 

A, = £(2s MK". (17) 


Accordingly we take for the function on the right-hand aide of (45) 

<!», = J(2i + De^L/fr). 


* ‘ Z. Phywk,’ vol 48, p. 180 (1928). 
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We then have to solve the equation 

W.) + (tf - 2 ) (r+J = “ V' (r) *• (2s + 1) e**« rL,« (r). (49) 

The solution of this inhomogeneous equation may be obtained by using exactly 
the same methods as were used in Section 1, the functions L ( ° (r), L,* (r), corre¬ 
sponding to these functions L„° (r), L„* (r) of formula (17). We thuB have for the 
solution 

= A.L/ (r) + [L/ (r) j' V' (/) L.« (r') L/ (/) A, r' 2 dr' 

+ L, r (r) f" V' (/) V (i') L, c (/) A, r' 2 dr'.} (50) 

Using the asymptotic expression* (46) for L,° (r), L/ (r), we find for the 
asymptotic form of the approximate solution of (45), satisfying the required 
boundary conditions 

<J> j- 5I a e* ,r ' (2s 1) \% 9 cos {£r — n log 2 hr — £ (# 1)tt + a,} 

tCr 

+ exp t(for — n log2 kr) %— f V 9 (/) Lf ( 1 ') L/ (/) A, r' 2 dr'] P # cos 6). 

J * (61) 

In order to sum this series we make use of parabolic co-ordinates as was first 
suggested by Gordon ( loc. cit.) and carried out by Temple.* Using these 
co-ordinates it was shown that 

l i* (26 + 1) L/ (r) P, (cos 0) = «-»"* T (1 + m) c* tr(0 "» L(2ikr sin 2 i 0, m), 

* ( 62 ) 

where the function L (u, n), has been expressed in the form 

L(«, «) = Y J T^Tn) } 0 x " e ~ * 1# ^ ( 63 ) 


by Sonimerfeld,'|‘ and has the asymptotic form 


L ( W> 


T (1 + Ml) 


i (It los 6 + n log 2*f sin 1 if*) 


— * t (1 T - n log Iht atn' ±0 + 2<r,)1 /?j| 

4fcrsmH0 J‘ { } 


♦ 1 Proc. Hoy. Boo.,’ A, vol. 121, p. 673 (1928). 
t ‘Ann. Phyiik, 1 rol. 5, p. 257 (1931). 
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In order to complete the summation we require also 

| V'n (2fi + 1) L,« (r) P, (cos 0), (55) 

which may be obtained from (52) by changing 0 into n — 0. We therefore 
obtain for (56) 

T (1 + m) e -' kr '°* 6 L (2ikr cos 2 £0, m). 

It is then easy to see that the series (51) may be summed to give 

Af cob fl+» log 2 kr »la # \9) _ n (*r-n log ii kr Mu 1 + 

2Arsin 2 J0 

— e ,(,T-B ">* *W-"- {r (1 + m)} 2 

X j V' (r') L (2i*r' sm ! |0', in) L (2ikr’ cos* J0,', in) r ' dv’, (56) 

where n 0 and n x are unit vectors in the direction of incidence and observation 
respectively and 0', 0', are polar angles measured with respect to these vectors 
as axes The first term represents the incident wave, the second the wave 
scattered by the Coulomb field, the third that scattered by the “ anomalous ” 
field. The ratio of the scattering to the classical value will then be given by 

1 + ? 6 e’ ( " 108 • 1 “**»-*'. ) -»»r(1 +tn)4 V' (/') iil r ' dv’ \ (57) 

inZe 2 J 

For n = 0 this degenerates into the ordinary first Bom approximation. To 
show how large n really is, its value for a-particles of velocity 2 X 10® cm. per 
second in the fields of various nuclei are given in the table. 


Table I. 


Element. 

j w * | 

Element. j 

. 

Aluminium 

2 8 

Beryllium j 

Magnesium 

2*6 

Helium 

Carbon 

1 3 

Hydrogen 

Boron 

1 08 




0 

0 43 
0 21 


The fact that the Bom first approximation gives the correct formula for 
scattering by a pure Coulomb field is purely a coincidence owmg to the quantity 
in disappearing from the actual expression for the scattered amplitude when 
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the intensity is obtained from it. This will not be the case when the field 
deviates from the Coulomb value. 


5. Calculation for an Exponential Form for V'(r). 

For simplicity we will take the case of 

V' (r) = — —“ > (58) 

which is a reasonable form to represent the probable nuclear field near the top 
of the potential barrier. Choosing now parabolic co-ordinates 

% — r (1 -I- cos 0'), 7j -= r' (1 — cos 0'), <f> t 

the integral occurring in (57) takes the form 

I = d , »> L (ifaq, in) L (ik%, in) c u ' n ’~'' dt, A) <ty. (59) 

Here 5', yf parabolic co-ordinates with respect to the direction n x as axis 
and are connected with t\ by the relations 

5' -= § cos 3 ^0 + Yj sin 2 £0 -f 2y^ sin i0 cos 10 cos <f>> 

^ + * ( 60 ) 

Substituting in (59) the integral expression (53) for L (ibq, in) we have 
I = £ jjj|| « <n e -, ’I 0 {2 (ikl'vY) u‘ n e “I 0 (2 (*Jbju)‘} e- A(£+ ’>' du dv di drj d<f>, (61) 
where X -= |[A — ik. 

In view of the expression (60) for wc may expand 


m the form* 

I 0 {2 (t*S'v)*} = £ m I m {2 (i/crivY sin £6} I m {2 (»*£«)* cos $0} cos m<f> (62) 

The integration over the ^ co-ordinates reduces this sum to the first term only 
and we have 


= ttA | jj j v in e V I 0 {2 (iktyf cos $0} I 0 {2 (ikriv)* sin £0} 

u tn e~~ u I 0 {2 (iforjw)*} e~ xi * t’ 1 '* du dv d% dv\. (63) 


* Watson, “ Theory of Beesel Functions,” p, 358, Camb. Univ. Press (1922). 
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Using now the integrals* 

1 iky cm* 

e~ A *I 0 {2 (iA£v)*cos \ fydZ, — - e~ * , 

Jo ^ 

I" c- A ’I 0 {2(tJtr)«)*}l 0 {2(tAr^t>)» ij miO}dT)= 1 e~* 1 I 0 {uv)* sin £0j, 

(64) 

we have, putting v -= Xj, u — 

I = 7 rAX 2<n [ f e~ tk{x ^ y} (sy) tn <T A(;e+I/, I 0 yjxy am | 0 ) dx dy. ( 66 ) 

Jo Jo 

Expanding I 0 (ik V xy sin ^ 0 ) in tin* power series 

■.ot^w-s ^ga g yae . m 

enables ufl to complete the integration term by term. The general term is 
then 

7 cAX 2,B ^_A sill $ 6 ) | f g - (A H*)JC g -(AH tic) y f ryin+r fa. fly 

t ' 1 ) 2 Jo Jo 

- n\X u " (~ h* sin 2 }0) r (67) 


This gives finally for the integral, remembering X = JpL — iA;, 

4itA (in - il) 2 '" {r (1 I- u,)} 2 F (m + 1 , m |- 1 , 1 , - (68) 

and the ratio of observed to classical soatteimg 

1 Ak* Hin 2 \ G Iok (sin* (1 m* (in—.in Uu Ik m) 

Z? 

X |r(1 + in )| 2 F(i» + 1, m f I, ]. (69) 

since 

_ ^2114 ™ lotfdM l + l l ) fiw arLlHH 21 ^70) 

This formula reduces to that given by the Bom first approximation, if one 
puts n = 0. It is clear from (69) that one would expect the anomalous 
scattering to increase more rapidly with increase of velocity than with increase 
of angle of scatter ing , a behaviour observed with aluminium. The detailed 
numerical application of the formula (69) will be carried out in a later paper. 


* Ibid., pp. 303, 306. 
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6. Validity of Approximations . 

In order to consider the conditions under which the above discussed theory 
is valid, one may iollow a method similar to that used in discussing the validity 
of the first approximation of Bom's theory. The deviation of the scattering 
from Coulombian scattering may be represented in terms of the differences 
of phase between the scattered waves of various orders and the corresponding 
wave scattered by a purely Coulomb field. If this difference of phase is small 
compared with unity for all, then the above theory will be accurate. For the 
scattering of a-particles by helium the phases have been calculated by Taylor 
(foe. cit.) for the anomalously scattered waves of zero order, these alone being 
of importance. In the case of the low velocity particles (velocities from I * 1 
to 1-4 X 10® cm. per second) the phases are quite small, being approximately 
0’1 radians. It thus appears that the above theory is applicable for these 
velocities in helium and so will be applicable to the collisions of still faster 
particles with heavier nuclei. 

In order to obtain a condition of validity in mathematical form it is only 
necessary to relate our formula (51) with the one given by Taylor (foe. cif.) 
when only the zero order wave is disturbed. If K 0 is the phase difference 
from the Coulomb scattered wave, Taylor shows that the asymptotic form of 
the anomalously scattered wave is 

* 1 ) c \(kr-n\ozlkT+ 2ai)' 

2 i kr 


This is to be compared with our formula (51) which gives for the zero order 
wave 


8jfM 

khh 



(72) 


The condition of validity of the approximate theory is then that 

K ° = f" v ' M L «° W V ( r ') r '* & < L (™) 


By analogy with the corresponding criterion for the validity of Bom’s first 
approximation in its application to the scattering of electrons by atoms it is 
probable that K 0 does not have to be much less than 0 • 5 in order that the above 
criterion be satisfied.* 


* J. MoDougall, * Proc. Roy. Soo., 1 A, vol. 136, p. 540 (1932). 
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Summary . 

The collision of ot-particles with atomic nuclei is discussed) using a quantum 
theory of collisions which allows for the disturbance of the incident wave by 
the Coulomb repulsive field of the nucleus. In particular, the probability of 
a-particle exchange is considered and shown to be large at a resonance level. 

The theory is also applied to the anomalous scattering of oc-particles by light 
nuclei and its range of applicability to such cases considered. In connection 
with experimental results the theory should provide a means of accurately 
determining the radii of light nuclei. 


The Surface Ionisation of Potassium by Tungsten. 

By P. B. Moon and M. L. E. Oliphant. 

(Communicated by Lord Rutherford, F R S.—Received May 18, 1932.) 

§ 1. It is well known that atoms of low ionisation potential may be ionised 
by contact with a hot metal surface. If. for instance, a positively charged 
hot tungsten filament be surrounded by the vapour of potassium, rubidium or 
caesium the filament will lose positive charge at a rate governed by the vapour 
density of the alkali metal and very nearly independent of the temperature of 
the filament if this temperature be not too low. From this independence the 
conclusion is drawn that all (or very nearly all) atoms which strike the filament 
evaporate in the ionic state; m other words, the efficiency ot the surface as 
an ionising agent is nearly perfect. The objection might perhaps be raised 
that this conclusion is not strictly justified by the experimental evidence 
which merely shows the efficiency to be constant . It would, of course, be 
remarkable if the constant were other than unity, but further evidence is 
clearly desirable and has been given by Langmuir and Kingdon* in their 
discussion and extension of Saha’s theory of the equilibrium of ions, electrons 
and atoms. Their calculations account for the low efficiency and its large 
temperature variation in cases where the “ electron work-function ** of the 
surface is less than the iomsation potential of the atom, and predict perfect 
efficiency when the work-function greatly exceeds the ionisation potential. A 

* 1 Proc. Roy. Soc.,’ A, vol. 107, p. 61 (1625). 
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direct verification that the efficiency of surface ionisation is, in a favourable 
case, indeed unity, is provided by the observation made by one of us* that no 
net current flows to a sufficiently hot nickel surface bombarded by slow Cs + 
ions For fast ions, however, the efficiency was found to decrease. 

It is the purpose of this paper to show how surface ionisation may provide 
the source of a beam of positive ions which has great intensity, steadiness and 
length of life, and to describe some experiments in which we have used this 
source for the more detailed investigation of the drop m ionisation efficiency 
which occurs (as already noted in the case of Cs + ) when fast K + ions strike a 
hot target Moon’s previous observation dealt only with the equilibrium state 
of the re-emission from the target; in the present work we have studied the 
building up and breaking down of thiB equilibrium when the incident beam is 
switched on or off It should be stated at once that we have found the process 
to be complicated and have attempted no more than a qualitative study of its 
more important features. Tungsten was chosen as the target material on 
account of the ease with which it may be cleaned by flashing to a high tempera¬ 
ture, while K + ions were used in preference to Cs + because the temperatures at 
which the phenomena under investigation occur are higher and more readily 
measured by optical pyrometry. 


Apparatus. 

§ 2. The experimental tube was constructed as follows. A vertical tube AB, 
fig. I, of pyrex glass, was divided into two portions by a glass partition into 
which was sealed a nickel plate pierced with a slit 4 mm. X 0*3 mm. The 
seal was made by spot-welding a spiral of tungsten wire round the cylindrical 
collar to which the plate was also spot-welded Pyrex adheres much more 
satisfactorily to tungsten than to nickel, and the corrugated nature of the 
surface is a further advantage in this connection. Parallel to the slit and less 
than a millimetre above it was a tungsten strip 8 mm. X 2 mm. X 0*08 mm. 
welded to stout nickel leads and carried on a heavy-current pinch at the upper 
end of the tube. This strip was heated to about 1000° 0. by alternating 
current. The upper part of the tube carried a side-tube into which a small 
quantity (about 1/10 gram) of potassium was eventually introduced. The 
side-tube originally ended in a series of bulbs which served as stills for the 
purification of the potassium \ as each stage of the distillation was completed 
the corresponding bulb was sealed off and removed so that eventually only a 

* Moon,' Proc. Camb. Phil Soc./ vol. 27, p. 570 (1931). 
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short* side-tube remained as at V. The upper half of the tube AB was main¬ 
tained at a temperature of about 120° C., while the side-tube was at about 
80° C., so that the vapour pressure of potassium m the upper half of AB was in 
the neighbourhood of 3 X 10" fl mm The hot tungsten strip then acted as a 
surfacc-ionisation source of K 1 ions, the total emission under normal working 
conditions being a few microamperes. By raising the potassium vapour 
pressure it was easy to increase the emis¬ 
sion to a milliampere, and there seems to 
be no reason, apart from space-charge 
limitation, why it should not be increased 
still further if desired. The source was 
maintained at a positive potential of 
20-200 volts with respect to the neigh¬ 
bouring nickel plate, and a few per cent, 
of the total emission passed through the 
slit Sj into the lower half of AB, which 
constituted the experimental chamber. 

The intensity of this beam was, of course, 
mainly determined by the temperature 
of the side tube containing the potassium, 
but variation of the accelerating voltage 
between the strip and the slit system 
provided an intensity control useful over a 
three- or four-fold range, for if this voltage 
be reduced the current from the strip 
becomes limited by space-charge. It is 
unwise to reduce the accelerating voltage 
too far or the parallelism of the beam 
may be much impaired. The source was 
found to work very steadily and con¬ 
sistently when temperature equilibrium 
had once been attained; we have not so far had the opportunity of testing 
either its purity or its life, but it may be remarked that the only impurities 
likely to be present are ions of those elements (Rb and 0s) whose ionisation 
potentials are less than the election work-function of tungsten,* and lhat the 

* Oliphant, in recent unpublished experiments, finds a few per cent of Na 1 ions always 
present with commercial potassium. The significance of this, especially m connection 
with the “ ageing ” of a clean target, has not yet been determined. 
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distillation in ionic form of a gram of potassium requires the passage of 
nearly 2500 coulombs of electricity. 

In addition to the K + beam the strip will emit some neutral potassium 
atoms, particularly if the slit system be positively charged with respect to the 
source. This neutral beam, whose general direction was downwards through 
the slit, was useful as a weak source of potassium atoms ; the ionic beam could 
have been separated from it, if required, by an electric field. On the other 
hand, any atoms which pass through 8 X from the glass walls of the tube will 
necessarily travel obliquely and will not strike the target. They are objection¬ 
able not only as a waste of potassium but also because it is desirable that the 
vapour-pressure of potassium in the lower half of the apparatus should be as 
low as possible ; their number was kept small by using a strip wider than the 
slit and close to it, so that the glowing tungsten, from which the emission was 
mainly of positive ions, occupied nearly the whole “ field of view ” of the slit 
S,. 

The ionic beam was ultimately defined by a slit S 2 , parallel to the first and 
of the same dimensions, in a second nickel plate about a centimetre from S 1 . 
The beam next passed through a wider slit in the circular closed end of the 
nickel cylinder C, which formed the experimental chamber. It then struck 
the target, which consisted of a strip of tungsten 1 -3 mm. wide and 0 08 mm. 
in thickness stretched diametrically across the cylinder and passing through 
holes in its walls to tungsten seals in the walls of the tube. The lower end of 
the cylindrical experimental chamber was partially covered with a grid of 
nickel wires ; at about a centimetre below this grid was a nickel disc D whose 
purpose was to catch any positive ions which might by mischance fail to strike 
the target, and to prevent them from charging the glass walls of the tube and so 
distorting the electric field within the experimental chamber. 

The gap between the cylinder and the beam-catching plate enabled the target 
to be viewed through an optical pyrometer. The pyrometer was used to find 
the temperature of the target in terms of the heating current which was then 
used as a measure of the temperature ; this procedure was employed because 
changes of temperature which are, for the purposes of these experiments, of 
more importance than actual temperatures, were most reliably estimated by 
the changes in heating current required to produce them. The usual emissivity 
correction was made. 

The extreme lower end of the tube formed a mexcury trap of “ reversed ” 
design, cooled in liquid nitrogen, which led to the pumps and the McLeod 
gauge ; by this means the pressure of all vapours—including potassium—in 
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the lower half of the tube was reduced to a very low value. All metal parts 
were glowed %n vacuo by an eddy-current heater after assembly in the apparatus, 
and the glass was thoroughly baked before the introduction of the potassium 
into the end bulb, which latter operation was perfoimed as quickly as possible. 
The distillation of the potassium from one bulb to another was done slowly 
with the pumps working meanwhile , after the distillation was complete the 
apparatus was pumped for some hours before the experiments were started. 
With both strips hot and the source chamber at its working temperature the 
McLeod gauge read zero It was found that the mam source chamber could 
be kept at about 120° C. by the heat developed m the source strip provided 
that the upper half of the tube were suitably lagged ; a small heating coil was 
provided to maintain the side-tube V at the appropriate temperature. 

The target strip was heated by a battery of accumulators so controlled by 
switches and variable resistances that, by the simple operation of the switches, 
it could be heated to any one of three temperatures previously determined by 
the settings of the resistances. All such apparatus in electrical connection 
with the target was thoroughly insulated and surrounded by earthed shields ; 
a lead was taken from it to the amplifier and oscillograph which served to 
measure the current reaching or leaving the target The design of the current 
measuring system and of the photographic recording arrangements will not 
be discussed here ; their interest is mamly technical. The oscillograph had a 
natural frequency of about 50 per second and the system had an overall sensi¬ 
tivity of 3-08 X 10”* amperes per millimetre The currents measured were 
of the order of 10“ 7 amperes. The more important electrical connections are 
shown in fig. 2 ; the current measuring apparatus and such subsidiary details 
as shielding arrangements are omitted. The slit S 2 and the disc D were kept 
slightly positivo with respect to the cylinder so that slow secondary electrons 
set free from them should not reach the experimental chamber. The positive 
ion beam was accelerated between and S 2 , when required, by a voltage, 
variable between 0 and 10,000 volts, derived from cells or from a transformer- 
rectifier set. The beam could be cut off by opening the switch Q. By means 
of the double-contact key K the target could be made either 20 volts positive 
or 20 volts negative with respect to the surrounding cylinder, the emission of 
positive ions from the tungsten being thus either allowed or prevented. 

The Evaporation of K 1 Originally Deposited as very Slow Ions . 

§ 3. The source was made hot, but was electrically isolated from S t ; there 
was then no appreciable positive ion beam but only a small beam of atomic 
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potassium striking the target. The target was cleaned by flashing to about 
2000° C.; its temperature was then lowered to, say, 750° C. and its potential 
was made 20 volts negative with respect to tho surrounding cylinder bo that 



no positive ions could leave it. The field was now suddenly reversed, thus 
releasing the ions, and after a few soconds the target was raised to a temperature 
of 1250° 0. TiCt as consider what we may expect to happen. 

The clean target at 750° will receive a small atomic beam ; the atoms which 
strike it will, after a short stay on tho surface, evaporate again, a few as neutral 
atoms but the great majority as K + ions. The ions, having only thermal 
energies, will be turned back by the opposing field and will strike tho target 
again with the energies with which they left it. As time goes on more and more 
potassium reaches the surface by way of the atomic beam; tho amount of 
potassium in the surface layer will therefore increase until the rate of evapora¬ 
tion %n the atomic form (* x ) is sufficient to balance the rate of arrival of atoms 
in the beam. When this state is reached, however, the majority of the atoms 
in the layer have made many ineffectual attempts to leave the target and 
therefore last struck tho surface as slow positive ions. The rate of arrival 
of slow ions will in fact exceed that of neutral atoms in the ratio of the rates 
of evaporation of ions and atoms—a ratio which in tho present experiments 
was always large. Even long before equilibrium has been reached the greater 
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part of the potassium on the surface will have made its most recent collision 
with the surface not as an atom but as an ion. On the reversal of tho clectrio 
field the departure of ions is no longer prevented and the target will immediately 
lose positive charge at a rate % 1 which will decrease with time as tho concen¬ 
tration of tho potassium layer sinks to the low equilibrium value at which the 
arrival rate is equal to (i* -b i + ) Fig. 3 illustrates in an exaggerated manner 
what we should anticipate and what is, in fact, found. The current t + leaving 
the target*—zero while the target is negative—is of amount AC immediately 



on reversal of the fieldjj it decreases with time until it finally reaches a steady 
value AB. The rate AB plus the rate of evaporation of atoms from the surface 
in tho same new equilibrium conditions will together equal the rate of arrival of 
potassium in the beam, so that if we neglect i* in comparison with we may re¬ 
gard AB as representing the arrival rate. If we knew the final equilibrium 
amount of potassium on the surface we should be able to deduce from the experi¬ 
mental curve the relation between i + and the surface concentration; if, in fact, we 
draw any ordinate PQR then PR represents the value of i* at a surface concentra¬ 
tion given by the sum of this equilibrium (oncentration and the shaded area QRM. 
This may be seen on considering that the concentration at the time N is (very 
nearly) the equilibrium concentration, the amount of potassium which has 
arrived during the time PN is given by PQMN, while the amount evaporated 
as ions during this time is given by PKMN , the net loss during the time PN is, 
therefore, QRM. We can obtain at least an upper limit to the equilibrium 
concentration by finding the area S of the ‘ throw ” obtamed when the target 
is suddenly flashed to 1250", for at so high a temperature the equilibrium layer 

* In this and all subsequent figures an upward displacement of the curve from the dotted 
aero line XT indicates that the target is losing positive charge. 
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will be negligible and the sudden rise of temperature will cause the almost 
complete evaporation of the existing layer. The glowing of the target strip 
will also increase the length of strip which is hot enough to emit positive ions 
at a measurable rate, and a portion of the observed throw will be due to evapora¬ 
tion in the ionic form of potassium which had accumulated (owing to diffusion 
from the centre of the strip or to stray atoms from the original neutral beam) 
on the cooler parts of the strip. It is possible, too, that a small amount of 
potassium may diffuse into the metal and be retained there until the moment 
of flashing. Subject to these uncertainties, which are relatively only of 
importance at low surface concentrations, we may obtain from the experimental 
evaporation curve the relation between and surface concentration for all 
values of i + between AC and AB. 



Fig. 4.—-Evaporation curves for K* 1 ions deposited with thermal energies on W. 

Fig. 4 shows the results of such experiments made at target temperatures 
of 743° C. f 768° C., 773° C. f and 787° C. In order to avoid delay a set of records 
such as this was taken on a single sheet of photographic paper, and the super- 
imposition of the four records gives a misleading impression of complexity. 
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The curves reproduced in fig. 4 and subsequent figures are for this reason (and 
for economy of reproduction) drawings carefully made to scale from the 
originals. All measurements were, of course, made on the photographs them* 
selves. 

In fig. 5 we give in graphical form the results of the analysis of these four 
experimental curves. It will be seen that in each case the rate of evaporation 
of positive ions (i + ) is a linear function of the surface concentration. That 



Surface concentration N (atoms perciif) 

Fig. 5 —Analysis of curves of fig. 4. 

the lines do not pass through the origin may be due to one or both of the 
uncertainties already discussed ; we see no significance in their convergence 
towards a point on the axis of i + . The lines of fig. 5 show that over the ranges 
of temperature and concentration investigated, the mean time of life of a 
potassium ion upon a tungsten surface before its evaporation in the ionic state 
is uninfluenced by the addition of more potassium to the layer already on the 
surface. We are therefore almost certainly justified m concluding that our 
results represent the evaporation characteristics of isolated ions.* The con¬ 
centrations dealt with in these experiments are, of course, very low, the greatest 

* It is, of course, conoeivable that we are dealing with clusters of ions each evaporating 
as an entity. 
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concentration shown in fig. 5 being less than 1 per cent, of that in a monatomic 
layer of potassium. 

Some interest attaches to the variation with surface temperature of the rate 
of evaporation per unit concentration, for if this quantity, which is given by 
the slope of a line such as those of fig 5, varies, over a small range of temperature, 
as e" +/ * T , where T is the absolute temperature and K is Boltzmann's constant, 
we may probably identify <f> with the energy required to remove a K + ion from 
the surface. 

The four points of fig. 6 show the logarithms of the slopes of the four lines 
of fig. 5 plotted against the reciprocals of the corresponding absolute tempera¬ 
tures. The straight line drawn among these points leads to a value of 4-4 



Fig. 6.—Temperature dependence of slopes of lines of fig. 5. 

electron-volts for <j >; none of the points lies further from the line than would 
correspond to an error of 4° in the temperature measurement, but it is plain 
that the measurements were taken over a range of temperature insufficient 
to give more than a very rough value of <f>. Much the same value for ^ was 
obtained from other evaporation curves. 

The Ionic Evaporation of Potassium Deposited as Fast Positive Ions . 

§ 4. Experiments for the study of the influence on the evaporation character¬ 
istics of the speed with which the ions hit the surface were carried out as 
follows:— 
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A positive ion beam was allowed to fall upon the target for any desired period 
and was then suddenly removed by opening the switch Q. The variation in 
the current to the target was recorded. 

By this means we obtain a curve showmg the rate at which ions are leaving 
the surface at various tunes after the removal of the beam. It was found that 
the evaporation curves were functions not only of the target temperature and 
of the velocity of the impinging ions but also of the length of time for which th* 
beam had been striking the target before being cut off. The intensity of the 
beam had a slight influence upon the form of the curve. The evident complexity 
of the phenomenon rendered impossible, for the time being, anything more 
than a general qualitative investigation; it also leads to difficulty in the 
clear presentation of the results We have thought it best to give diagrams of 
a few only of the many curves obtained ; the examples are chosen with a view 
to setting forth what appear to be the more important features of the experi¬ 
mental results. 

The first point of interest is the magnitude of the sudden t hangc m current 
to the target which occurs at the instant of cutting off the beam. This was 
found to differ from the beam itself (as measured by the current reaching the. 
target when cold or, better, by the total current reaching target plus sur¬ 
rounding cylinder at any temperature) by not more than a few per cent. It 
is an immediate conclusion that nearly all the potassium ions which leave the 
target do so not as a result of instantaneous reflection but by means of thermal 
evaporation, for any reflected current would bo cut off with the beam and the 
net sudden change would be less than the beam by the corresponding amount. 

Fig. 7 ( 1 ) shows the result of cutting off a beam of 230-volt ions which had 
been striking the target for a long time. The final current to the target is, 
of course, to be taken as zero, and it will be seen that in the initial equilibrium 
state (with the beam on) the target is receiving a net positive charge which is 
an appreciable fraction of the beam. The decay of the rate of evaporation 
after removal of the beam is roughly, but not quite, exponential. Fig. 7 also 
shows corresponding curves at the same temperature but at higher voltages. 
The number of ions which exaporate positively charged* is smaller at these 
higher voltages, while the evaporation curves depart still more from the 
exponential form. The remarkable feature now appearing is the very slow 
rate of change of the evaporation rate near the beginning of the process It 
will be observed that for a time the rate may even increase slightly. 

* The ratio of this number to the number arriving will be called the " ionisation 
efficiency.” 
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The influence of target temperature at a fixed voltage is shown in fig. 8. 
It will be seen that, roughly, an increase in temperature has a similar effect to 
a decrease in voltage. The first curve, taken at a relatively high temperature, 
shows an ionisation efficiency of 94 per cent. 

All the above experiments were made after the target had been exposed for 
some minutes to the beam in question Fig. 9 illustrates the influence of the 
length of time for which the target, after bemg cleaned by flashing to 2000° C 
and allowed to cool to the experimental temperature of 793° 0, had been 
exposed to a beam of 940 volt ions. It will be seen that a considerable time of 
exposure to the beam (long compared with the time scale of the evaporation 
process) is required before the target is capable of re-emitting K + ions It was 
verified that the essential requirement was exposure to the beam and not merely 
to the “ vacuum.” 

When the surface has thus been brought to a condition in which it can 
re-emit positive ions the removal of the beam does not cause it to return to the 
original state of a freshly cleaned surface. This is illustrated by fig. 10, which 
represents the effect of switching the beam on and off when the target had 
previously been subjected to long bombardment by the ions The influence 
of time of exposure before removal of the beam is again very marked, but the 
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0 1 \ GsecoiwU 

Fio. 8.—Evaporation curves*atf340 volts 



Fio. 9.—Effeot of time of exposure to 940 volt beam; target previously oleaned by glow** 
•t 9000° C. Experimental temperature, 793° C. Exposuien of 2 seconds, 15 seconds 
and 100 seconds icspectivcly. 
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initial stage of fig. 9, in which re-emission of K + is almost zero, is not repeated. 
The bombardment must, therefore, cause some change in the target which time 



Fjo. 10 — Beam switohed on and off. Target rested but not flashed between exposures. 

758° 0., 366 volte. 

alone will not eradicate completely. One would anticipate, perhaps, that if 
slow and fast ions were to fall simultaneously upon the target the rate of 
evaporation of the slow ions would also be governed by this change m the 
properties of the target. It is easy to test this experimentally. If, while the 
high-speed ion beam is striking the target, we reverse for a moment the field 
between the target and the surrounding cylinder we shall accumulate upon 
the target surface a layer of potassium which (although originally derived from 
the high-speed beam) last struck the target with thermal velocities only. 
When we restore the field to its original direction these ions will be able to 
leave the target, but they evaporate from a surface which is—and has been 
throughout the experiment—bombarded by high-speed ions Fig. 11 (n) 
shows the result of such an experiment, on comparing this curve with the 
evaporation characteristics at the same temperature of the high-speed ions 
themselves, fig. 11 ( 1 ), and with those of slow ions* in the absence of the high¬ 
speed beam, it will be seen that bombardment of the target by fast ions does 
not affect the evaporation of slow ions It seems, therefore, that the com¬ 
plicated laws of evaporation of fast ions are not due to changes in the properties 
of the surface. We had at one time a fear that some ions might find their way 
past the plate D and communicate a charge to the glass walls of the tube, and 
that some of our results might be due to the variation of this charge with the 
voltage of the beam and with time. Mr. R. C. Evans, who is studying surface 


* Obtained as in $ 3. 
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ionisation problems at the Cavendish Laboratory, very kindly repeated some 
of our experiments with a slightly modified apparatus in which this possibility 
was entirely absent. His results are in substantial agreement with ours and 
show that such an efEoct is not the cause of the phenomena which we have 
described. We are grateful to Mr. Evans for permission to mention this 
unpublished work. 



Summary and Discussion of Experimental Results. 

We have found that— 

( 1 ) K + ions of thermal velocities are re-emitted from a hot tungsten target 
in a manner consistent with the thermal evaporation of isolated particles. 

(u) If the target be sufficiently hot, 780° C. or more, the result ( 1 ) extends 
approximately to ions of energies m the neighbourhood of 300 volts. A 
positively charged target in this case receives only a small net current, the 
efficiency of surface ionisation being near unity. 

(in) At higher energies, or, if the temperature be below about 780°, even 
below 300 volts, this behaviour is departed from in two ways:— 

(а) Only a fraction of the incident beam evaporates m ionic form. 

(б) Those ions which are re-emitted as ions yield, on the removal of the 

incident beam, “ evaporation curves ” differing markedly from the 
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exponential form associated with cases (i) and (li). The most staking 
feature which may appear is an almost constant evaporation rate which 
persists for some time before the drop towards zero commences. 

(iv) The phenomena of (in) are much influenced by the amount of previous 
bombardment undergone by the target. 

(v) The ratio of evaporation of potassium deposited as slow ions is not 
influenced by the simultaneous bombardment of the target by high-speed 
ions. 

(vi) On the sudden removal of the incident beam the net current to the 
target changes by an amount equal to the beam. 

We draw the following conclusions :— 

(a) The re-emission of K + ions from a hot tungsten surface on which they 
impinge with high velocity is, as for slow ions, a process of evaporation 
(“ surface ionisation ”) rather than instantaneous reflection. This follows 
from (vi). 

(p) Since, by (v), the properties of the metal surface as an ionising agent 
are unaltered by the high-speed beam, the altered form of the evaporation 
curve for fast ions must be a property either of the ions themselves or of the 
interior of the metal as influenced by the bombardment. Now the evaporation 
process occupies a time of the order of a second, and the only trace of its 
previous history which an ion on or in a metal can retain for such a time is its 
position. It would seem to follow that the observed phenomena are due to 
the penetration of fast ions below the surface of the metal. It is interesting 
in this connection to note that Brewer* has found that the deposition of K + 
ions upon an iron surface affects the photoelectric properties of the surface 
somewhat less at 270 volts than at lower energies of the ions. This observation 
suggests that fast ions do not remain on the surface but, of course, gives 
us no hint as to whether they remain inside the surface or leave the target 
entirely. 

(y) Since the failure of a proportion of fast ions to evaporate again as ions 
is always associated with a non-exponential evaporation curve, it is likely that 
the same ultimate cause is responsible for both phenomena. The observation 
that the ionisation efficiency for fast ions is greater at oblique than at normal 
incidencef would be in accordance with this view. We can conceive of only 

* ‘ Phys. Rev./ vol. 38, p. 401 (1931). 
f Moon, loc cit. 
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three ways m which the ionisation efficiency can fall below unity. The missing 
ions must either— 

( 1 ) remain on or m the metal surface ; 

(li) be reflected as neutral atoms ; or 
(in) evaporate as neutral atoms. 

It should not be difficult to distinguish experimentally at least the first of 
these possibilities from the other two, and it seems inappropriate to discuss 
the matter until such discriminatory experiments have been made. We would, 
however, suggest that if the first of these three alternatives should prove 
correct an explanation will probably have to be sought in terms of the diffusion 
back to the surface of those ions whose initial energies suffice to carry them 
through the surface into t he body of the metal If it be assumed that potassium 
diffuses through hot tungsten m accordance with the usual diffusion law, and 
if, furthermore, all atoms which diffuse further into the metal than a certain 
distance from the surface are permanently retained and take no further part 
in the diffusion process, we calculate evaporation curves whose forms are very 
similar to the experimental curves such as are illustrated in figs. 7 and 8. The 
correlation of the form of the evaporation curve with the efficiency of surface 
ionisation is given in a manner which is qualitatively c orrect The calculations 
do not at the moment rest on any secure experimental basis and we do not 
stress what may well be a quite fortuitous agreement; we allude to them only 
to show that penetration of the surface may lead to very considerable com¬ 
plication of the simple law of ionic evaporation which holds for isolated atoms 
or ions deposited at low velocity. 

(8) It remains to consider the possibility that, in those experiments with fast 
ions m which the target had been exposed to the beam for some time, the 
Burface concentration had become so high that the ions were not evaporating 
as independent ions from a clean surface. It is known* that at surface con¬ 
centrations of the order of one-tenth of a monatomic layer the evaporation 
rate is no longer proportional to the number of ions present and at higher 
concentrations it actually decreases. We have shown that buch deviations are 
inappreciable up to surface concentrations of 6 X lO 13 atoms per cm. 2 , but it 
should be mentioned that in some of the experiments with fast ions the total 
area beneath the evaporation curve corresponds to as much as three times 
this concentration. Reference to fig. 11 will, however, show that even the 


* J. A. Becker, * Phys. Rev.,’ vol. 28, p. 341 (1826). 
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end of the evaporation curve for fast ions differs markedly from that for slow 
ions at the same temperature, so that although the phenomena of the initial 
stages of the curves may be connected with departure from proportionality of 
surface concentration and rate of evaporation, there yet remains tho definite 
difference between the evaporation characteristics of slow and fast ions. 

We should like to record our thanks to Lord Rutherford for the encourage¬ 
ment given us by his interest and advice, and to the Department of Scientific 
and Industrial Research for a Senior Research Award made to one of us. 
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By Frederick Daniel Chattaway, F.R.S., and Eric John Francis James. 

(Received March 24, 1932 ) 

Urea condenses readily with 1 or 2 molecules of bromal forming respectively 
monobromal urea (I), and dibromal urea (II) 

CBr 3 . CH(OH). NH . CO . NH a 

I 

CBr, . CH(OH) NH . CO . NH . CH(OH). CBr s 

II 

The condensation proceeds somewhat less readily than does the corresponding 
reaction with chloral When, for example, the compounds are left in aqueous 
solution, monobromal urea only is formed, even when excess of the aldehyde 
is used. 

The monobromal urea thus produced condenses normally with a second 
molecule of bromal only when the two compounds are melted together and 
heated for a time at 100°. 

When monobromal urea is heated with one equivalent of chloral, an identical 
condensation occurs and bromal chloral urea (III),* is produced, the same com¬ 
pound being also formed when monochloral urea is similarly heated with an 
equivalent of bromal. 

CBr 3 CH(OH).NH CBr 5 .CH(OH).NH h 2 N 

\o cc 1 3 cho . \o 3:v cho \o 

H 2 N CCl,CH(OH).NH CCJ,.CH(6 h) NH 

(I) (m) 

All these condensation products behave very similarly to the corresponding 
chloral compounds. 

* Cf. ‘ Central,’ vol. 1, p. 547 (1902). 

VOL. OXXXVII.—A. 2 K 
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They react with acetic anhydride and yield well-crystallised diacetyl deriva¬ 
tives. 


CBrj CH(OAg) NH 

CO 

/ 

AcHN 


CBr, CH(OAc).NH CBrj.CH(OAc).NH 

\o \o 

CBr 3 .CH(OAc).NH CC1 3 .CH(OAc).NH 


Bromal urea, dibromal urea, and bromal chloral urea, all dissolve readily 
in aqueous alkalis, giving solutions from which on the addition of acetic 
anhydride dimolecular anhydro compounds of ether-like structure separate. 
For example, monobromal urea yields h\s-{&-carbamido’ p(3 $4nbromo ethyl) 
ether (IV), and dibromal urea yields the compound (V). 


CBrjCH NH CO NH 2 

O 

/ 

CBrjCH NH CONHj 


CBrjCH NH CO NH.CH CBrj 

\ / 

o o 

/ \ 

CBr 3 CH NH CO NH CH CBr 5 




(V) 


When any one of these ethers is added to a solution of a sodium alkoxide in 
the appropriate alcohol, it reacts exactly as the corresponding chloral com¬ 
pound, but rather more rapidly. Fission occurs at the ether linkage, and the 
corresponding alkoxy compound results, the other half of the molecule decom¬ 
posing into bromoform, sodium formate, and urea. Series of compounds of 
the general formula (VI) and (VII) are thus produced. 

CBr a . CH. NH . CO . NH a 

I 

OR 

(VI) 

CBr, . CH . NH. CO. NH. CH . CBr, 

R OR 

(VII) 

The anhydro compound formed by bromal chloral urea yields similarly di- 
alkoxy compounds of the constitution 

CBr,. CH. NH . CO . NH. CH. CC1, 

OR 


(VIII) 


OR 
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In this case the dialkoxy compounds of the type (VIII) and also those con¬ 
taining two different alkoxy groups, can be obtained by condensing the bromal 
monoalkoxy compounds (VI), with anhydrous chloral, forming the anhydro 
compound of the resulting N-(a-alkoxy-ppp-tribromoethyl)-N # -(a-hydroxy- 
ppp-trichloro ethyl) carbamide (IX), and decomposing this anhydro compound 
with a sodium alkoxidc dissolved in the appropriate alcohol. 


CBr s 


£HNHCONH 2 


M 


CC 1 3 CHO 


CBrj CH NH CO NH CH.CCI3 


OR 


(nr) 


OH 

NaOHaq. + AcjO 



NsOR 1 


CBr 3 CH NH.CO NH.CH CC1 3 

OR \ 

O 

OR / 

CBrjCHNM CO.NH CH CCl 3 


In this way the isomeric compounds 

CBr3.CII.NII. CO. NH.CH.CCI3 

OCH a OC 2 H 6 

and 

CBr 3 CH. NH.CO NH CH.CC1 S 

I I 

OCjHj OCII 3 

have been prepared As would be expected, they resemble each other closely 
m properties, but differ somewhat in melting point, the compound having the 
methoxy group contiguous to the tribromomothyl group melting some 9° 
higher than its isomer. 

Although chloral condenses readily with the a-alkoxy-ppp-tnbromoethyl- 
carbamides (VI), yielding the well-crystallised N-(a-alkoxy-ppp-tribromoethyl)- 
N'-(a-hydroxy-ppp-trichloroethyl) carbamide (IX), similar compounds con¬ 
taining a bromal group have not been obtained. Bromal apparently condenses 
with both a-ethoxy-ppp-tribromoethyl carbamide, and with oc-ethoxy-ppp- 
trichloroethyl carbamide, but the product in each case is a viscid liquid, which 
has not been obtained crystalline, and which is decomposed very easily by 
alkaline solutions. 

Experimental. 

Monobromal urea , (a-hydroxy-ppp-tribromoethyl carbamide), 

CBr a . CH(OH). NH. CO . NH a (I). 


2 k 2 
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10 g. of bromal hydrate and 4 g. (1 mol. -j- excess) of urea were dissolved 
in 30 c.c. of water, and the solution allowed to stand for 3 days. During this 
time monobromal urea separated as a colourless, crystalline solid. 

It separates from boiling water in fern-like clusters of small plates, m.p. 
136° (decomp.). (Found : Br, 70*2; C 3 H 5 0 3 N a Br 3 requires Br, 70*4 per cent.) 
When warmed with acetic anhydride, containing a trace of sulphuric acid, 
monobromal urea yields ^-(oL-acetoxy- (3(} fi-tribromoethyiyN'-acetyl carbamide , 
which separates from boiling aqueous acetic acid in compact rhombic prisms, 
m.p 184° (decomp ). (Found Br, 56*8; C 7 H 9 0 4 N a Br s requires Br, 56*5 per 
cent.) 

Dibromal urea , (nym-di-(oL-hydroxy- $ (3 fi-tnbromoethyl) carbamide), 

CBr a . CH(OH) NH CO . NH. CH (OH). CBr s (II). 

5 g. of monobromal urea and 5 g. (1 mol. slight excess) of bromal hydrate 
were warmed together on the water-bath for 15 minutes On stirring the 
molten mass with water dibromal urea separated as a colourless solid. It 
crystallises from boiling aqueous alcohol m colourless four-sided plates, m p. 
178° (decomp.). (Found: Br, 77-3; CjH^jNgBrg requires Br, 77*2 per 
cent) When warmed with acetic anhydride containing a trace of sulphuric 
acid it yields »jm-di-((x.-aeetoxy-^^-tribronioethyl) carbamide , which separates 
from boiling, slightly diluted acetic acid in slender colourless prisms, m.p. 
180° (decomp.). (Found. Br, 67*6; C 9 H 10 O 5 N a Br fl requires Br, 67’9 per 
cent.) 

Hi&-(<x-carbamido~ (3 (3 fi-tnbromoethyl) ether (IV). 

6*8 g. of monobromal urea (I) were dissolved in 40 c.c. of ice-cold N/l 
sodium hydroxide (2 mols.), and 2 g. of acetic anhydride added drop by drop 
with vigorous shaking, the temperature being kept at 0°-5° Bis-(oL-carbamido~ 
$$$-tribromoethyl) ether (IV), separated as a colourless flocculent solid on each 
addition of acetic anhydride. It crystallises from boiling aqueous alcohol in 
slender, rather flattened, prisms, which decompose without previously melting 
at about 211°. (Found : N, 8-3 ; Br, 72-3 ; C 6 H 8 0 3 N 4 Br 6 requires N, 8*5 ; 
Br, 72*3.) When warmed with acetic anhydride it yields \ns-(a-N f -aeetyl- 
carbamide- (3 (3 $-tnbromoethyl) ether , 0(CH . CBr a . NH . CO . NHAc) a , which 
crystallises from boiling, slightly dilute, acetic acid in colourless rhombs, m.p. 
219° (decomp.). (Found: Br, 63*1; C 10 H 11 O 6 N 4 Br 6 requires Br, 63*2 per 
cent.) 



485 


Condensation of Bromal with Urea . 

a-ethoxy- p p $-tribromoethyl carbamide , 

CBr 3 . CH(OC a H ft ). NH . CO . NH a (VI). 

To a solution of 3*4 g. of fciV(a-carbamido-ppp-tnbromoethyl)-ether (IV) in 
20 c.c. of ethyl alcohol a solution of 0*24 g. (1 mol.) of sodium in ethyl alcohol 
was added. The solution was at first clear, but in a few seconds Bodium formate 
separated, the solution at the same time developing a strong odour of bromo- 
form. After 10 minutes 200 c c of water were added, when %-ethoxy-$$$- 
tribromoethyl carbamide (VI) separated as a colourless crystalline solid (1 *6 g.; 
90 per cent, theoretical). It crystallises from boiling aqueous alcohol in colour¬ 
less large lustrous plates, m.p. 162° (decomp.) (Found: Br, 652; CjH^OjNjBtj 
requires Br, 65-05 per cent) When warmed with acetic anhydride it yields 
N-CL-cthoxy- (3(3 $dribromoethyl-N'-acetyl carbamide y which separates from boiling 
aqueous acetic acid in colourless plates, m p. 177° (decomp.). (Found : Br, 
58*7 ; CVHjiOjNgBra requires Br, 58-4 per cent.) In a similar way, using the 
appropriate alcohol, were prepared the following:— 

a-methoxy-$$$4ribromoethyl carbamide , large colourless plates from aqueous 
alcohol, m.p. 184° (decomp.). (Found: N, 7*7; Br, 67*8; C^OjNaBrj 
requires N, 7-9 ; Br, 67-6 per cent) 

a -n-propoxy-$$$4nbromoethyl carbamide , large, glistening plates from 
aqueous alcohols, m p. 144° (deeomp.) (Found * Br, 63-0; CeH^OaNjBrj 
requires Br, 62-7 per cent.) 

Sym-dt-(a-e$Aoa#- p p $-tnbromoethijl) carbamide , 

OBr 3 . CH(OC 2 H fi ). NH . CO . NH . CH(00 2 H 6 ). CBt s (VII). 

4 g. of dibromal urea (II) were dissolved in 25 c.c of ice-cold N/l sodium 
hydroxide (4 mols) and 1-3 g. of acetic anhydride added with shaking. On 
each addition anhydro dibromal urea (V) separated as a colourless flocculent 
solid, which was collected and cautiously dried. The crude material, which 
could not be obtained crystalline, melted at 92° (decomp.). It was dissolved 
in 30 c.c. of ethyl alcohol, and a solution of 0-5 g. (excess) of sodium in 25 c.c. 
of ethyl alcohol added. After 10 minutes, during which time sodium formate 
separated, water was added to the liquid, which smelt strongly of bromoform, 
when aym-di-{oL-elhoxy- P P $-lnbromoethyl) carbamide (VII) separated as a 
colourless crystalline solid. It was repeatedly crystallised from boiling 
aqueous alcohol, from which it separates in small, slender, colourless flattened 
prisms, m.p. 196° (decomp) (Found: Br, 70*5 ; C 9 H 14 0 3 N a Br # requires 
Br, 70*8 per cent.) 
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8ym-di-(oi-methoxy- (3 p $-tnbroynoethyl) carbamide , prepared in a similar way, 
using sodium raethoxide in methyl alcohol, crystallises from boiling aqueous 
alcohol m very slender, colourless flattened prisms, m.p. 215° (decomp.)* 
(Found : Br, 74 -1; C 7 H 10 O 3 N 3 Br fl requires Br, 73*8 per cent.) 

Bromal chloral urea , N-(a-hydroxy-ppp-tribromoethyl)-N'-(a-hydroxy-ppP- 
tnchloroethyl) carbamide. 

CBr 3 . CH(OH). NH . CO NH . CH(OH). CC1 3 . (Ill) 

10 g. of monochloral urea and 15 g. (1 mol.) of bromal hydrate were warmed 
on the water-bath for 30 minutes. On stirring the resulting semi-solid mass 
with water, bromal Moral urea (III) was obtained as a colourless crystalline 
solid. It crystallises from boiling aqueous alcohol in thin, colourless, six- 
sided plates, m.p. 186°. (Found: Cl, 22*2, Br, 49*4; CgH^OgNjClaBra 
requires Cl, 22*1; Br, 49*2 per cent) When warmed with acetic anhydride, 
it yields N-(cL-ac^loxy- [3 p $4nbromoethyl)-N'-(cL~acetoxy- (3 p fi-tnchloroelhyl) carb¬ 
amide, which separates from boiling aquoous acetic acid in slender, colourless 
prisms, m.p. 185° (decomp.) (Found : Cl, 18-9 ; Br, 42*0 ; C 8 H 10 O 6 N 2 Cl 3 Br 3 
requires Cl, 18*6 ; Br, 41 *9 per cent.) 

N-(<x-ethoxy- p p $-tnbromoethyl)-N'-(a.-ethoxy- p p p -tnchloroethyl) carbamide , 

CBr 3 . CH(OC 2 H 5 ). NH . CO . NH . CH(OC a H B ). CC1 3 (VIII). 

8 g. of bromal chloral urea (III) were dissolved in 32 c.c. of ice-cold N/l 
sodium hydroxide (4 mols) and 3*3 g. of acetic anhydride were added with 
shaking. Anhydro bromal chloral urea separated as a colourless solid, which was 
collected, cautiously dried, and dissolved in 30 c c of ethyl alcohol. To this 
solution 0*5 g. of sodium, dissolved m 30 c c. of ethyl alcohol were added. 
After standing for 10 minutes 200 c.c. of water were added, when N-(<x-ethoxy- 
$$$-tribromoethyl)-N'-(<z-ethoxy-$$$-trichloroethyl ) carbamide (VIII) separated 
as a colourless crystalline solid It was repeatedly crystallised from boiling 
aqueous alcohol, from which it separates in very slender, colourless flattened 
prisms, m.p. 203° (dccomp.). (Found : Cl, 19*4; Br, 43-9 , GVH 14 0 3 N a Cl 3 Br 8 
requires Cl, 19*5 , Br, 44*1 per cent.) 

N-(<x-ethoxy -P P p -tribromoethyl)-N'-(a-hydroxy- P p p -trichloroethyl) carbamide , 

CBr s CH(OC a H 5 ). NH. CO . NH. CH(OH). CC1 3 (IX). 

2 g. of a-ethoxy-ppp-tnbromoethyl carbamide (VI) and 5 g. (1 mol. -f excess) 
of anhydrous chloral wore warmed together on the water-bath for 15 minutes. 
The viscid mass was then stirred with water, when N-(x-ethoxy- pp $-tribromo- 
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6thyl)-N'-(aL-hydroxy- (3(3 fi-tnchloroelhyl) carbamide (IX) was obtained as a 
colourless, semi-solid mass which rapidly became granular and crystalline. 

It crystallises from warm, slightly diluted alcohol m long, slender, colourless 
flattened prisms, m.p. 144° (decomp.). (Found: Cl, 20*4; Br, 46*3; 
C?H 10 0 3 N 3 Cl 3 Br 3 requires Cl, 20*6 ; Br, 46*5 per cent) When warmed with 
acetic anhydride it yields N -(a-e/Aozy- p [3 $-tnbr<yrnoethyl)-N'-{<x.-acetoxy^ (3 (3 (3- 
triehloroethyl) carbamide , which crystallises from boiling aqueous alcohol in 
slender, colourless prisms, m.p. 192° (decomp). (Found: Cl, 19*1; Br, 
43*0 , C 9 H 12 0 4 N 2 Cl 3 Br 3 requires 01, 19*1 ; Br. 43 0 per cent) 

In a similar way was prepared N-{<x-me£hoxy-$$$4ribromoethyl)-N’‘(<x- 
hydroxy-$$$4rwhloroethyl) carbamide , long, slender, colourless, flattened 
prisms from aqueous alcohol, mp 193° (decomp.). (Found: Cl, 21*4; 
Br, 48*0 ; C fl H 8 0 3 N 2 CJ 3 Br 3 requires 01, 21*2 ; Br, 47*8 per cent.) 

N - (a -ethoxy- (3 (3 (3-/r ibromoethyl) - N' - (<x.-ethoxy- [3 (3 $-lrichlorocthyl) carbamide 
(VIII) from N-{aL-ethoxy- (3(3 $-tnbromoethyl)-N'-(cL-hydroxy- (3 [3(3 -tricfdoroethyl) 
carbamide (IX) 

7 g of N-(a-ethoxy-[3p(3-tribromocthyl)-N'-(a’hydroxy-(3P(34riehloroethyl) 
carbamide (IX) were dissolved in 30 c.e. of ice-cold N/l sodium hydroxide, 
and 1*5 g. of acetic anhydride were added On each addition bis-fa-iV'-a- 
ethoxy-fififi-tribivrMdhyl-carbamido-fififi-trichloroethyl) ether separated as a 
colourless semi-solid mass, which on stirring became granular. It crystallises 
with difficulty, and could not therefore be obtained perfectly pure. It was 
dissolved in 26 c c. of ethyl alcohol, and 0*5 g. of sodium dissolved in ethyl 
alcohol were added. After standing for 10 minutes water was added to the 
mixture, when V-(a-c^x^-(3pp-iri6rww)dAy2)-iV'-(a-e^»y-pp(34ricA^oe#AyI) 
carbamide (VIII) separated as a colourless solid. It crystallises from boiling 
aqueous alcohol in colourless flattened prisma, m p. 203° (decomp), identical 
in every way with the specimen prepared from bromal chloral urea. In a 
similar way the two following isomers were prepared. 

N-(ct-methoxy- (3 $$4nbromoethyiyN'-{<x-ethoxy- 13(3 $4richlwocthyl) carbamide, 
colourless, flattened prisms from aqueous alcohol, mp. 206° (decomp.). 
(Found: Cl, 20*3; Br, 45*0; C e H u 0 3 N a Cl3Br 3 requires Cl, 20-1; Br, 46*2 
per cent) 

N‘(ai-ethoxy - (3 (3 fidribromoelhyl)-N'^methoxy- (3 (3 $-trfcMoroethyl) carbamide, 
slender, colourless, flattened prisms from aqueous alcohol, m.p. 197° (decomp.). 
(Found: Cl, 20*1 , Br, 45*3 ; C 8 H 12 0 3 N 2 Br 3 Cl 3 requires Cl, 20-1; Br, 45*2 
per cent.) 
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Summary. 

Urea condenses with 1 or 2 molecules of bromal yielding monobromal urea , 
CBr 3 . CH(OH). NH . CO. NH 2 , 

and dtbromal urea , 

CBr s . CH(OH). NH . CO . NH. CH(OH). CBr 3 , 

respectively. Monobromal urea also condenses with 1 molecule of chloral 
yielding bromal Moral urea, 

CBr a . CH(OH). NH . CO . NH . CH(OH). CCl a . 

These compounds dissolve easily in aqueous alkalies giving solutions from 
which, on the addition of acetic anhydride, dimolecular anhydro compounds 
of ether-like structure separate 

These anhydro compounds react with solutions of sodium alkoxides in the 
corresponding alcohols, fission occurs at the ether linkage, and mono- and 
di-alkoxy compounds are formed. 

The monoalkoxy compounds themselves condense with anhydrous chloral, 
producing compounds of the structure 

CBr s . CH . NH . CO . NH . CH . CC1 S 

OR OR 

which also similarly dissolve in alkalies and react with acetic anhydride, 
yielding anhydro compounds. These, on treatment with a sodium alkoxide, 
yield dialkoxy compounds of the general formula 

CBr 3 . CH. NH . CO . NH. CH. CC1 3 . 

J)R OR 

When the two alkoxy groups are the same the compounds are identical with 
the corresponding compounds prepared directly from bromal chloral urea. 
When they are different two isomers are possible which can be prepared by 
introducing the group R or R' into bromal urea, condensing the alkoxy com¬ 
pound thus obtained with chloral, and then, through the anhydro compound, 
introducing the group R' or R. These isomers resemble each other closely in 
properties, but differ somewhat in melting point. 
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The Action of Halogens upon the Arylazoacetoaceklies and Related 
Compounds.—Part II, 

By Frederick Daniel Chattaway, F.R.S., and Reginald Jack Lye. 
(Received March 30, 1932.) 


It has recently been shown* that the action of halogens upon the arylazo- 
acetoacetates is not so simple as was formerly supposed, but varies according 
to the experimental conditions. When the nucleus is already fully substituted, 
halogen atoms may enter or replace the acetyl group, and may even, in some 
cases, replace the carbetlioxy group. For example, the following compounds 
were obtamed by the action of bromine upon ethyl 2.4: 6-tribromophenyl- 
azoacetoacetato. 


Br 


Br 

Br< >NH N 
Br 


C 


ID 


CO7C2H5 


Br 



(H) 


COCH 2 Br 
N C 

I 

CO2C2HJ 


COCHBr, 
Br | 

Br< >NH N C 

Br | 

CO2C2 H j 

(m) 


COCHBr* 
Br | 

Br< > NH N C 
Br | 

Br 


(IV) 


The more energetic action of chlorine upon ethyl 2:4: 6-trichlorophenyl- 
azoacetoacetate, although it yields stages (I) and (II) at the ordinary tempera¬ 
ture, causes breaking down of the molecule when the higher temperature, which 
would be necessary to bring about stages (III) and (IV), is employed 
In the case of those arylazoacetoacetates in which the nucleus is less fully 
substituted, the action of halogens is even more complicated, since, in addition 
to the replacement or substitution of the aoetyl or carbethoxy group by halogen 
atoms, nuclear substitution may also take place. 

Not more than two halogen atoms are introduced into the aryl nucleus, 
even when excess of halogen is used. Hence the action of either chlorine or 

* 1 Proc. Roy. Soc.,’ A, vol, 135, p. 282 (1932). 
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bromine upon ethyl 2 : 4-dichloro- or ethyl 2 : 4-dibromophenyIazoacetoacetate 
is similar to its action upon the corresponding ethyl 2:4: 6-tnhalogenphenyl- 
azoacctoacetates under the same conditions. 

Chlorination of ethyl 2 :4-dichlorophenylazoacetoacetate in acetic acid at 
the ordinary temperature, causes replacement of the acetyl group by a chlorine 
atom, with the formation of ethyl a-chloroglyoxalate-2 4-dichlorophenyl- 
hydrazone (V). 

Cl 

Cl I 
Cl( >NH.N:C 

I 

COgC2 H y 


If, however, the chlorination be carried out in dry chloroform previously 
saturated with hydrogen chloride, ethyl 2 : 4-dichlorophenylazo-Y-chloroaceto- 
acetate (VI), identical with the compound formed by coupling 2 * 4-dichloro- 
phenyldiazonium chloride with y-chloroacetoacetic ester, is obtained 


COCHj COCH^Cl 

Cl I e. Cl | 

a<~>NHN:C -=2*C1<"“>NHN'C *■ 

I I 

CO2C2H5 COzCjHj 

(VI) 


COCHjCl 

a I 
ClCD N 2 C1+CH 2 


COzCzH, 


Ethyl 2.4-dichlorophenylazo-YY-diehioroacetoacetate cannot be obtained 
by direct substitution of ethyl 2:4-dichlorophenylazoacetoacetate, smce, 
at the ordinary temperature, action ceases when one chlorine atom has been 
introduced into the acetyl group, whilst, at a higher temperature, the molecule 
breaks down under the action of the halogen. 

Bromine replaces the acetyl group as a whole, when an equivalent amount is 
added, at tho ordinary temperature to a solution of ethyl 2 : 4-dibromophenyl- 
azoacetoacetate in acetic acid containmg either water or sodium acetate (fused 
or crystalline), with the formation of ethyl a-bromoglyoxalate-2:4-dibromo- 
phenylhydrazone* (formula as (V)). 


* Since, however, ethyl 2:4-dibromophenylazoacetoacetate is only sparingly soluble 
in cold aeetio acid, and the suspension is not readily attacked, ethyl a-broraoglyoxalate- 
2:4-dibromophenylhydrazone w more conveniently prepared by the further action of 
bromine upon ethyl a-bromoglyoxalate^-bromophenylhydrazone. 
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When, however, the action takes place in hot glacial acetic acid, progressive 
substitution of the acetyl group occurs, with the formation of ethyl 2 :4- 
dibromophenylazo-Y-bromoacetoacetate (VII), (identical with the product 
obtained by coupling 2 :4-dibromophenyldiazonium chloride with y-bromo- 
acetoacetic ester), and of ethyl 2 : 4-dibromophenylazO'YY’dibromoacetoacetate 
(VIII). 

The action of excess of bromine at 100° does not further substitute either the 
nucleus or the acetyl group, but causes the slow replacement of the carbethoxy 
group by a bromine atom, until, finally, ppw-tribromo-a-ketopropaldehyde- 
2 : 4-dibromophenylhydrazone* (IX) is the sole product. 


COCH 2 Br COCHBr? COCHBr 2 

Br 1 Br ' — n I 


Br<* >NHN 




Br ( ) NH N C Br ( >NH I 


COjCjHj 


COaC2Hj 


Br 


(vn) 


(vm) 


(□c 


When either chlorine or bromine reacts with ethyl phenylazoacetoacetate, 
similar reactions occur, but it is difficult to isolate the products successively 
formed. 

Chlorination in glacial acetic and at the ordinary temperature yields finally 
ethyl a-chlorogIyoxalate-2 : 4-dichlorophenylhydrazone (V), and though the 
reaction can be stopped approximately at the ethyl a-chloroglyoxalate-p- 
chlorophenylhydrazone stage, the separation of this compouud from the product 
of the action is difficult. 

Similarly, although chlorine substitutes both the phenyl nucleus and the 
acetyl group when a limited amount is allowed to act upon ethyl phenylazo- 
acetoaoetate dissolved m anhydrous solvents, ethyl phenylazo-y-chloroaceto- 
acetate and ethyl p-chlorophenylazo-y-chloroacetoacetate (formulae as (VI)), 
cannot easily he isolated from the mixture of compounds produced. They 
can, however, readily be obtained by coupling the corresponding diazonium 
salts with Y-chloroacetoacetic ester. 

Bromine also substitutes the phenyl nucleus, and replaces or substitutes 
the acetyl group in ethyl phenylazoacetoacetate, and the products can be more 
easily isolated than the corresponding chlorine compounds. 

* This compound is also obtained by the action of 3 mols. of bromine upon ac-keto- 
propaldehyde 2:4-dibromophenylhydrazone. 
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When two molecular equivalents of bromine react at the ordinary tempera¬ 
ture* with ethyl phenylazoacetoacetate in acetic acid containing either water 
or an equivalent amount of sodium acetate, an almost quantitative yield of 
ethyl a-bromoglyoxalate-p-bromophenylhydrazone (X) is obtained, and the 
same compound is quantitatively formed when ethyl p-bromophenylazoaceto- 
acetate is similarly brominated. The action of one molecular equivalent of 
bromine upon ethyl phenylazoacetoacetate dissolved in acetic acid containing 
an equivalent amount of sodium acetate, whilst leaving a portion of the 
unsubstituted compound unattacked, gives a mixture of ethyl ot-bromogly- 
oxalate-phenyl and j^bromophenylhydrazones.f 

Excess of bromine carries the reaction no further than the ethyl oc-bromo- 
glyoxalate-p-bromophenylhydrazone stage at the ordinary temperature, 
though in boiling acetic acid the arvl nucleus of this latter compound is further 
substituted, and ethyl a-bromoglyoxalate -2 : 4-dibromophenylhydrazone (XI) 
is formed 


COCH 3 Br Br 

< >NH H C Br< >HH N:C -^ s -*Br<">NH.N:C 

I I I 

COgC^H^ COjCgHj 00 ^ 2^5 


w 


(H) 


The action of three molecular equivalents of bromine upon ethyl phenylazo¬ 
acetoacetate, dissolved in glacial acetic acid at the ordinary temperature, 
causes substitution in the para position of the phenyl nucleus, and the acetyl 
group is at the same time substituted, two atoms of bromine being successively 
introduced, with the formation of ethyl p-bromophenylazo-Yy-dibromoaceto- 
acetate (XII). COCHBr 2 

^ I 

Br<>NH.N:C 

I 

C Og C 2 H 5 

(xn) 


When less than three molecular equivalents of bromine react with ethyl 
phenylazoacetoacetate, no single product is formed, and the mixtures resulting 

* A 0 the temperature at which bromination is carried out is raised, the reaction proceeds 
lees and less cleanly, with a corresponding diminution in yield of ethyl a-bromoglyoxalate- 
axylhydrazone. 

t As observed previously by Bowack and Lapworth, * J. Chem Soo.,’ vol. 87, p. 1854 
(1906). 
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are difficult to separate. The lower bromination products, ethyl phenylazo- 
y-bromoacetoacctate and ethyl p-bromophenylazo-ybromoacetoacetate (XIII) 
can, however, easily be made by coupling the corresponding diazonium salts 
with ybromoacetoacetic ester. 

COCH 2 Br COCHoBr 

i i 

Br ^ >N ? Ci* CH? -> Br< >NH N.C 

I I 

COgCgHj COgCgHj 

(xm) 

The action of excess of bromine at the ordinary temperature causes no 
further substitution, either in the phenyl nucleus or in the acetyl group, but 
when the temperature at which bromination is carried out is raised, the 
carbethoxy group is first hydrolysed and finally replaced by bromine Thus 
p-bromophenylazo-YY-dibromoacetoacetic acid (XIV) is the chief product 
obtained when three molecular equivalents of bromine are allowed to react 
with ethyl phenylazoacetoacetate at GO 3 , whilst the action of excess of bromine 
m boiling acetic acid leads to the quantitative formation of (Jpco-tribroino-oc- 
ketopropaldehyde-2 : 4-dibromopheuvlhydrazone (IX) 

COCHBr 2 
Br< > NH N.C 

1 

co 2 h 

(XIV) 

All the substituted arylazoacetoacetates and a-halogenglyoxalate aryl- 
hydrazones when heated in acetic acid solution with tin and concentrated 
hydrochloric acid are reduced to halogen-substituted anilines, the constitution 
of which establishes the extent of nuclear substitution 

The ethyl a-halogenglyoxalate-arylhydrazones react readily at the ordinary 
temperature with alcoholic ammonia, giving the corresponding hydrazidines 

or ethyl a-anunoglyoxalate-arylhydrazones (XV) 

Hal NH 2 

R.NH.NiC R NH N.C 


co 2 c 2 h s 


COjC 2 H 5 

(XV) 
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As in the case of the similar compounds obtained from ethyl 2:4: fl-tri- 
halogenphenylazoacetoacetates, the azo-y-halogen and YY*dihalogenaceto- 
acetates readily lose the elements of hydrogen halide when heated with an 
alcoholic solution of potassium acetate, ring closure takes plaoe, and corre¬ 
sponding derivatives of 4-hydroxypyrazole result. Thus ethyl 2 : 4-dibromo- 
phenylazo-y-bromoacetoacetate yields 4-hydroxy-l-(2': 4'-dibromophenyl)-3- 
carbothoxypyrazole (XVI). When this compound is brominated, it yields 
4-hydroxy-l-(2 / : 4'-dibromophenyl)-3-carbethoxy-5-bromopyrazole (XVII), 
which is also produced when ethyl 2 :4-dibromophenylazo-YY _ dibromoaceto- 
acetate is heated with an alcoholic solution of potassium acetate. 


COiC« Hi 


COjCiHs 


I 

CO- 


\nhO b ~ I )nOb 

SH.Br C — CH 


OH 


fxvi) 


Br* 


COjCtH, 
C — 


N 


\nhQb3 


COjCgHy 


CO-CHBr* 


N 

\ Br 

yNQBr 


6 h 


=CBr 


(xvn) 


These 4-hydroxypyrazoles are well-crystallised, colourless compounds, which 
form colourless acetyl and benzoyl derivatives, the pyrazolyl-4-acetates and 
pyiazolyl-4-benzoates. 

Experimental 

Ethyl x-bromoglyoxalate phrornophenylhydrazone . 

9*6 g. of bromine (2 mols.) m 10 c.c. of acetic acid were added slowly to a 
cooled solution of 7 g of ethyl phenylazoacetoacetate (1 mol.), and 8 g. of 
crystallised sodium acetate (2 mols.) in 30 c.c. of acetic acid. After standing 
and careful addition of 60 c.c. of water, ethyl 

hydrazone separated out. Colourless, long, slender prisms from alcohol, 
m.p., 149-160°. (Yield: 80 per cent, theoretical.) (Found: Br, 46*5. 
Calculated for CxQH^OjNjBr, Br, 45-7 per cent.) 

Ethyl a- 6 rcmK^Jyoxaki/€-p- 6 rcwk?p^yZAydra 2 one was similarly formed, in 
practically theoretical amount, when 1*6 g. of bromine (1 mol.) was added to 
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a solution of 3*1 g. of ethyl p-bromophenylazoacetoaectate (1 mol.) and 1*4 g. 
of crystallised sodium acetate (1 mol.) in 10 c.c. of acetic acid. 

Ethyl c/L-amitwglyomUtie-p-bronwpfwnylhydrazone. 

5 g. of powdered ethyl a-bromoglyoxalate~p-broraophenylhydrazone were 
added, in small portions, to a cooled saturated solution of ammonia in alcohol 
(10 c.c.). After standing for 30 minutes, ethyl a-aminoglyoxalate-p-bromo - 
phenylhydrazone , which is formed m almost theoretical amount, separated. 
It crystallises from boiling alcohol m colourless, flattened prisms, with domed 
ends, which become green on exposure to light, m.p. 154°-155°. (Found: 
Br, 28*0. C 10 H 12 O 2 N 8 Br requires Br, 28*0 per cent.) 

Ethyl oL^omoglyoxalale-2 * 4 -dtbromophenylhydrazone. 

4*8 g. of bromine (3 mols.) m 5 c c. of acetic acid were added slowly to a 
cooled solution of 2*3 g. of ethyl phenylazo-aoctoacetate (1 mol) and 2*7 g. 
of crystalline sodium acetate (2 mols.)* in 15 c.c. of acetic acid. The mixture 
was allowed to stand for 30 minutes to ensure complete formation of the 
intermediate ethyl a-bromoglyoxalate-p-bromophonylhydrazone, and then 
heated on a water-bath at about 70° for an hour On cooling and adding water 
ethyl oL-brornoglyomlate-2 : i^tbromophenylhydrazeme separated as a rather 
viscid solid. It crystallises from boiling alcohol in colourless, long, slender, 
flattened prisms, m.p. 120°. (Yield: 60 per cent, theoretical) (Found: 
Br, 55*8. O^oO^Bra requires Br, 55 *9 per cent.) 

Ethyl OL-bromoglyoxalate-2 : i-dibromophenylhydrazonc was also obtained 
practically pure and in almost theoretical amount, when 5 g. of ethyl oc-bromo- 
glyoxalate-p-bromophenylhydrazone (1 mol ) and 2*4 g of bromine (1 mol.) 
dissolved in 30 c.c. of acetic acid were heated on a water-bath at 70°-80° for 
an hour. 

Ethyl *-aminoglyoxalate-2 : i-dibromophenylhydrazone is quantitatively formed 
when ethyl a-bromoglyoxalate-2:4-dibromophenylhydrazonc is stirred with 
a saturated solution of a mm onia in alcohol. It crystallises from boiling alcohol 
in large, compact, colourless prisms, nip. 108°-109°. (Found: N, 11*4; 
Br, 44*0. C 10 H u OjN 3 Br a requires N, 11*5 ; Br, 43*8 per cent.) 

Ethyl (L-bromoglyoxalate 2 : i’dicfdorophenylhydrazone. 

1-6 g. of bromine (1 mol.) m 3 c.c. of acetic acid was added to a solution of 
3 g. of ethyl 2 : 4-dichlorophenylazoacetoacetate (1 mol.) and 1 *4 g. of crystal¬ 
line sodium acetate (1 mol.) in 40 c.c. of acetic acid at the ordinary temperature. 

* If more than 2 mols. of sodium acetate are used, the solution darkens in colour during 
the subsequent heating, and the yield of ethyl ot-broraoglyoxalate-2:4-dibromophenyl- 
hydrazone is diminished. 
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After standing for an hour and then adding water, ethyl x-broTnoglyoxalate- 
2: i-dichlorophenylhydrazone separated out. It crystallises from boiling 
alcohol in colourless, flattened prisms, which become yellow on exposure to 
light, m.p. 117°. (Found: Cl, 21*0; Br, 23-7. C 10 H 9 O a N 8 Cl t Br requires 
Cl, 20*9; Br, 23*5 per cent.) 

Ethyl a -chloroglyoxalate p- ctdorophenylhydrazone . 

2*3 g. of sodium N-rhloro-p-tolylsulphonamide (1 mol.) were added in 
portions to a cooled solution of 2*7 g. of ethyl p-chlorophenylazoacetoacetate 
(1 mol.) in 5 e.c. of acetic acid. After standing for 30 minutes, ethyl oc-cWoro- 
glyoxalate p~cUarophenylhydrazone began to separate. It crystallises from 
boiling alcohol in long, flattened, colourless prisms, m.p. 146°-147°. (Found : 
Cl, 27*4 Calculated for C 10 H 10 O 2 N 2 CI 2 , Cl, 27*2 per cent) 

Ethyl x-cHoroglyoxalate p-bromophenylhydrazone , which was similarly pre¬ 
pared, crystallises from boiling alcohol in colourless, long, flattened prisms, 
m.p. 163°. (Found; Cl, 11-7; Br, 26*4 Calculated for C 10 H 10 () a N a ClBr, 
01,11-6; Br, 26-2 per cent.) 

Ethyl x-chloroglyoxalate 2 * t-dicfdorophenylkydrazone 

3 g. of ethyl 2 :4-dichlorophenylazoacetoaoctate wero suspended in 15 c c. 
of acetic acid, and chlorine passed m until the liquid was saturated The 
excess of chlorine and hydrogen chloride were aspirated off, and water care¬ 
fully added, when ethyl x^hloroglyoxalate-2 : 4 -dichlorophenylhydrazcnie sepa¬ 
rated as a yellowish solid. It crystallises from boiling alcohol in colourless, 
flattened prisms, m.p. 98°. (Found; Cl, 36*1 C lo H 0 OaN a Cl 3 requires Cl, 
36-0 per cent.) 

Ethyl oL-cfdoroglyomlate 2 : 4 ^ibroinophenylhydrazOTie , prepared similarly by 
the action of chlorine upon ethyl 2; 4-dibromophenylazoacetoacotatc, crystal¬ 
lises from boiling alcohol in felted, colourless needles, m.p. 108° (Found. 
Cl, 9*3 ; Br, 41-8. C 10 H 9 O a N a ClBr a requires Cl, 9-2 ; Br, 41-6 per cent.) 

Ethyl p-brorno^ptenylazo-y-brorruxiceta^ (ethyl y-bromo-x^-diketobiUyrate- 
K-(p-bromophettylkydrazone )). 

8*5 g. of p-bromoanilinc (1 mol.) were diazotised at 0°, using 40 c.o. of con¬ 
centrated hydrochloric acid and 3 • 5 g. of sodium nitrite (1 mol.). The resulting 
diazonium solution was slowly added at 0°, with constant stirring, to a solution 
of 12 g. of ethyl y-bromoacetoacetatc (1 mol. + excess) in 50 c.c. of alcohol, 
containing in suspension 70 g. of crystallised sodium acetate The stirring 
was continued for 2 hours, and the mixture then left at the ordinary temperature 
for 12 hours to ensure complete separation of the ethyl p -bromophenylazo-y- 
bromoaeetoacetale . It crystallises from boiling benzene in long, slender, pale 



497 


Arylazoacetoacetates and Related Compounds . 

yellow prisms, m.p. 113°-114°. (Found . Br, 40*7. C lf H la 0 3 N a Br a requires 
Br, 40-8 per cent.) 

Ethyl phenylazo-y-bromoaeetoacetate, which was similarly prepared, crystal¬ 
lises from boiling alcohol in long, slender, golden-yellow prisms, m.p. 81°. 
(Found . Br, 26-5. C 19 H 13 0 3 N a Br requires Br, 25*5 per cent.) 

Ethyl 2 : i^ibroimphmylazQ-y-brornoacetoacetate, similarly prepared, separates 
from boiling benzene m golden-yellow, elongated prisms, m.p. 144 < ‘-145°. 
(Found : Br, 51*2. C ia H u 0 3 N a Br 3 requires Br, 50*9 per cent.) 

The following arylazo-Y-chloroacetoacetates were obtained in the same 
way from ethyl Y* c hloroacetoacetato and the corresponding diazonium salts. 

Ethyl phmylazo-^-chbnoacet^ , flattened, golden prisms from alcohol, 
m.p. 92°. (Found: Cl, 13*2. Calculated for C 19 H ia 0 8 N a Cl, Cl, 13*2 per 
cent.) 

Ethyl p^hlorop)wny1azo-Y-chloroacetO(icet(Ue, flattened, yellow prisms from 
alcohol, mp. 102°-103'\ (Found Cl, 23*5. C ia H la 0 3 N a Cl a requires Cl, 
23*4 per cent.) 

Ethyl 2 : 4-dtchlorophenylazo-y-chloroacetoacelate, long, slender, pale yellow, 
flattened prisms from alcohol, m.p, 105°. (Found : Cl, 31-7. C ia H u 0 3 N a Cl 3 
requires Cl, 31*5 per cent ) 

Action of bromine (3 mols ) on ethyl phenylazoacet/xu'etate in cold acetic acid 
Formation of ethyl p-broniopkenylazo~yy-dibrotnoacetoaceUite. 

24 g. of bromine (3 mols ) in 10 e c. of glacial acetic acid were added in 
portions to a cooled solution of 11 ■ 7 g. of ethyl phenylazoacetoacetate in 30 c.c. 
of glacial acetic acid. Ethyl ]i-brormphe7iylazo^-dibro7)U><iceU)acetate began to 
separate almost at once as a yellow solid It was collected after standing for 
2 hours, and after washing with a little acetic acid was practically pure. It 
crystallises from alcohol in bright yellow, flattened prisms, m.p. 135°-136°. 
(Yield: 80 per cent, theoretical.) (Found: Br, 51*0. C ia H 11 O s N a Br 3 
requires Br, 50*9 per cent.) 

On reduction with tin and hydrochloric acid in boiling acetic acid solution, 
it yielded p-bromoamline. 

Action of bromine (3 mols ) on ethyl phenylazoacetoacetate in hot aretw add. 
Formation of p-bromophenylazo-yy-dibromoacetoacetic acid . 

48 g. of bromine (3 mols) m 30 c.c. of glacial acetic acid were added to a 
solution of 23 g. of ethyl phenylazoacetoacetate in 30 c.c. of glacial acetic acid, 
the temperature during addition being kept at 60°'**70°. The colour of the 
bromine at once disappeared, and hydrogen bromide was copiously evolved. 
On cooling, a yellow solid was deposited, consisting chiefly of p-bromophenylazo- 
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YY '^tbromoaeeUxicetic acid It is rather sparingly soluble in boiling acetic 
acid, from which it separates in beautiful golden-yellow, flattened prisms, m p. 
205° (decomp.). (Yield: 60 per cent, theoretical.) (Found: N, 6-4; Br, 
64-3. C 10 H 7 O a N a Br 3 requires N, 6*3; Br, 54-2 per cent.) 

On reduction with tm and hydrochloric acid in boiling acetic acid solution, it 
yielded p-bromoaniline. 

Ethyl 2 : l-dibromophmylazo-y-bronWMdcxicetate. 

4*8 g of bromine (1 mol.) dissolved in 5 c.c. of glacial acetic acid were added 
cautiously to a hot solution of 11 *7 g. ethyl 2 : 4-dibromophenylazoacetoacetate 
(1 mol.) in 25 c.c. of glacial acetic acid. On cooling, ethyl 2 : i^ibromophenylazo- 
y^omocuxtoacetate separated as a yellow solid. It crystallised from boiling 
benzene, in golden-yellow, elongated prisms, m.p. 144°-145°, and was in every 
respect identical with the compound prepared above by coupling 2 : 4-dibromo- 
phenyldiazonium chloride with ethyl y-bromoacetoacetate. The yield was 
almost quantitative. 

Ethyl 2: i-dwhlorophenyfoxo-y^omoacetoacetate was similarly prepared by 
acting upon ethyl 2 :4-dichlorophenylazoacetoacetate in glacial acetic acid 
solution, with I mol. of bromine. Long, slender, flattened, pale yellow prisms 
from benzene, m.p. 113°. (Found : Cl, 18*75 ; Br, 21 * 0 . C 12 H u 0 3 N a Cl a Br 
requires Cl, 18-6; Br, 20*9 per cent.) 

Ethyl 2. 4 -di 6 rwaop/ienyk 2 o-yy-dibramoacetoace^ie. 

3*2 g. of bromine (2 mols.) dissolved in 3 c.c. of glacial acetic acid were added 
to a solution of 3*9 g. of ethyl 2:4-dibromophenylazoacetoacetate (1 mol) 
in 10 c.c. of glacial acetic acid at about 100°. Ethyl 2 : i-dibromophenylazo- 
yy-dt br<moacetoacetate separated immediately from the hot solution as a yellow 
sobd. It crystallises from boiling acetic acid, in which it is rather sparingly 
soluble, in long, yellow needles, m.p. 153M54 0 (Yield : 90 per cent, theo¬ 
retical.) (Found: Br, 58*4. C ia H 10 O 3 N a Br 4 requires Br, 58*2 per cent.) 

Ethyl 2 : 4 -di<^^op^yfazo-yy-di 6 romoace<oa(^aie, similarly prepared by 
the action of 2 mols. of bromine upon ethyl 2 : 4-dichlorophenylazoacetoacetate 
dissolved in acetic acid, crystalbaes from acetic acid in lemon-yellow needles, 
m.p. 128°. (Found: Cl, 15*5; Br, 34*9. ^tH^OjNjCljBrj requires Cl, 
15*4; Br, 34*7 per cent.) 

Action of chlorine upon ethyl 2 : i-dicMorophmylazoacetoacetate in chloroform . 
Formation of ethyl 2 : 4^ichlorophmylazo^^hloroacetoacetate. 

5 g. of ethyl 2:4-dichlorophenylazoacetoacetate were dissolved in 20 c.c. 
of dry chloroform which had been previously saturated with dry hydrogen 
chloride, and a slow stream of chlorine was bubbled through, at the ordinary 
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temperature, until the liquid was saturated. The excess of chlorine and 
hydrogen chloride was then aspirated off, and the bulk of the chloroform 
allowed to evaporate at the ordinary temperature. The resulting yellow, 
viscid mass was repeatedly crystallised from boiling alcohol, when ethyl 2:4- 

m p. 105°, was obtained, though in very 
poor yield It was identical, in every respect, with the compound obtained as 
above by coupling 2 : 4-dichlorophenyldiazonium chloride with ethyl y-chloro- 
acetoacetate. 

Action of excess of bromine upon ethyl phenylazoaeeloacetate Formation of 
$$a}4nbromo-oL-ketoprop(ildehyde-2 i-dtbromophenylhydrazone. 

(C e H 3 Br a . NH N • CBr . <JOCHBr a .) 

24 g. of bromine (7 mols.) in 20 c c of acetic acid were added to a solution of 
4*7 g of ethyl phenylazoacetoacetate in 30 c.c. of acetic acid, at 1-00°, the 
solution being then heated on a water-bath for an hour. Hydrogen bromide 
was freely evolved, and p (3 m-tribromo ^-ketopropaldehyde-2 : k-dibromophenyl- 
hydrazonc (8*4 g.) separated from the hot solution as a yellow solid. It 
crystallises from boiling acetic acid in deep yellow needles, m.p. 140°-141°. 
(Found : Br, 71*7. CuHaONjjBr^ requires Br, 71-8 per cent) When reduced 
in boiling acetic acid with tin and hydrochloric acid it yielded 2:4-dibromo- 
anihne. 

$$todnbromo- 0 L-ketoprojxildehyde -2 4 -dibromophenylhydrazone is also formed 
by tbo action of excess of bromine at an elevated temperature upon any of the 
lower brommation products. 

aL-ketopropaldehyde-2 . k-dibromophenylhydrazow 

20 g. of 2 : 4-dibroraoamIine (1 mob) were diazotised using 6 g. of sodium 
rutrite (1 mol.) and 80 c.c. of concentrated hydrochloric acid. The resulting 
diazonium solution was slowly added, at 0°, to a solution of 10 g. of acetoacetic 
acid* (1 mol. + excess) m 250 cc. of water During the addition of the 
diazonium solution, 150 g. of crystalline sodium acetate (I mol. + excess) were 
added in portions. The stirring was continued for several hours after the 
addition of the diazonium solution, and the &-ketopropaldehyde-2 :4-dMwomo- 
phenylhydrazone which had separated, was collected after standing at the 
ordinary temperature for 12 hours. It crystallises from boiling alcohol, in 
very pale yellow, long, slender prisms, m.p. 165°. (Found: Br, 49*7. 
CgHeONfBrg requires Br, 50*0 per cent,) 

* Japp and Klingemann, ‘ Ann Chem.,’ vol. 247, p. 190 (1888). 
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Action of bromine (3 mols.) upon aL-ketopropaldehyde-2 : 4 -dibromophenyl- 
hydrazone. Formation of $$(o4ribromo-x-ketopropaldehyde-2 : inhbromophenyl - 
hydrazone. 

4*8 g. of bromine (3 raola.) dissolved in 6 c.c. of acetic acid were added to a 
solution of 3*2 g of a-ketopropaldehyde^^U4ibromophcnylhydrazone in 
20 c.c. of hot glacial acetic acid. On ddoling, ^^SHg^<mu>-<x.-ketopropalde- 
hyde-2 :4 -dibromophenylhydrazone Hepaiped quantitative^ as a yellow solid. 
It crystallised from boiling acetic aeidgn deep yellow neeqfes, m.p. 140°-141° 


and is identical in every respect with | 
excess of bromine upon ethyl phenyl^ 
All the arylazo-y-halogenacetoacotate 


compound obtaijfed by the action oj 
itoacetate (sejp above). 
an&^Tylazo-y^mhalogenacetoacejjjfces 


described above, yield derivatives of 4*A|droacy^)WSoIe ) in almost qualitative 
amount, when heated with an alcoholic stoution of potassium aceta^j 
irhydroxy-l-(2 ': 4 ^ 

4-7 g. of powdered ethyl 2 :4-dibn>mophenj?l&eft-;^^^ (l 

mol.) were added in portions to a boiling solution of 2 g of potassium acetate 
(1 mol. + excess) in 60 c.c of alcohol At each addition of the ethyl 2 : 4- 
dibromophenylazo-y-bromoacetoacetate a red colouration developed momen¬ 
tarily, and potassium bromide separated The boiling was continued for a 
few minutes. On cooling and adding water l-hydroxy-l-(2 ': -dtbromophenyl)- 
2-oarbethoxypyrazole separated as a colourless solid It crystallises from 
boiling alcohol in small, colourless, hair-like needles, m.p. 160°. (Found. 
Br, 41-3. f'iaH 10 O s N 2 Br 8 requires Br, 41*0 per cent) When heated with 
acetic anhydride containing a drop of concentrated sulphuric acid it gave 
l-(2': i'-dibronwphenyl)-%-carbethoxypyrazolylA-acetale Long, colourless prisms 
from alcohol, m.p. 103°-104°. (Found: Br, 37-2. C u H lt O (4 N t Br 2 requires 
Br, 37*0 per cent.) 

l-(2': ±'-dibromophenyl)-$-mrbethQxypyrazolyl-±-benzoate f obtained by the 
Scbotten-Baumann method, crystallises from boiling alcohol, m long, slender, 
colourless prisms, m.p. 137°. (Found: Br, 32*6. C 1 »H M 0 4 N a Br a requires 
Br, 32‘4 per cent.) 

4-Aydfoxy~l-(2'. 4 f ^ibromophenyl)~^carbethoxy’b’bromopyrazole. 

0-6 g. of bromine (1 mol.) in 2 c c of acetic acid was added to a solution of 
1*3 g. of 4-hydroxy-l-(2 # : 4'-dibromophenyl)-3-carbothoxypyrazole (1 mol.) 
in 10 c.c. of boiling acetic acid. The colour of the bromine at once disappeared, 
and, on cooling, i-hydroxy-l-(2 ': 4'’dibronu>phe?iyiy3<urbelhoxy-&-bromopyra- 
zole separated as a colourless solid. It crystallises from boiling alcohol in 
long, colourless, flattened, obliquely truncated prisms, m.p. 180°. (Found: 



Br, 51*4. requires Br, 51-2 plfc cent.) Tips compound was 

also obtained when etlfyl tt. £dibromophenylazo-^^ibjomoacetoacetate was 
heated with an alcoholic solution of potassium acetate. 

Its acetyl derivative forms compact prisms from alcohol, m.p 91°-92°. 
(Found: Br, 46*9. C 14 H n 0 4 N a Br 3 requires Br, 47*0 per cent.) 

By similar methods the following derivatives of 4-hydroxypyrazole were 
also prepared. 

4-hydroxy-1 -phenyl- [\<arb<'thoxypyrazole , * obtained from ethyl phenylazo- 
y-chloroacetoacetate and from ethyl phenylazo-y-bromoacetoacetate, crystal¬ 
lises from alcohol in colourless compact prisms, m.p. 85°. (Found . N, 12*0. 
C, 1 H ia 0 3 N a requires N, 12*1 per cent.) 

4-hydroxy-l-(\)-bro7nophenyl)-$-wrbethoxypyrazole, separates from boiling 
alcohol in colourless, flattened prisms, m.p 136M37 0 . (Found Br, 25*6. 
C J# H u O a NjBr requires Br, 25*7 per cent.) 

4-hydroxy-l-(^-brormphenyl)-Z-carbethoxy~5-bromopyrazole is moderately 
easily soluble in boiling alcohol, from which it crystallises in slender, colourless 
prisms, mp. 103°. (Found: C, 36-9; H, 2-6; N, 7*0; Br, 41*2. 
CjjHjfcGjNgBr, requires C, 36-95 , H, 2-6 , N, 7-2 ; Br, 41-0 per cent.) 

Its acetyl derivative crystallises from alcohol m shining, colourless leaflets, 
m.p. 134°. (Found • Br, 37-0. C 14 H ia 0 4 N2Br a requires Br, 37-0 per cent.) 

4-hydroxy -1 -( p-chlorophenyl )-3- carbethvxyjjyrazole , elongated, slender, colour¬ 
less prisms from alcohol, m p. 137° 138° (Found : Cl, 13-2. C, a H u 0 3 N a Cl 
requires Cl, 13-3 per cent.) 

4-hydroxy-l-(2': 4'-dtchlorophenyiy%-mrbethoxypyrazole was prepared from 
both ethyl 2:4-dichlorophenylazo-y-chloxoacetoacetate and ethyl 2:4- 
dichlorophcnylazo-y-bromoacetoacetate It crystallises from boiling alcohol 
in long, colourless, flattened prisms, m.p. 154°-155°. (Found: Cl, 23*7. 
C ia H 10 O 8 N 9 Cl a requires Cl, 23-6 per cent.) Its acetyl derivative separates 
from boiling alcohol in felted, colourless needles, m.p. 85°. (Found : Cl, 20-6. 
Ci 4 H la 0 4 N a Cl a requires Cl, 20-7 per cent) 

4-hydroxy-\-{2 1 : 4'-dicMwophenyiyS-carbethozy-b-cklwopyrazole was prepared 
by chlorinating 4-hydroxy-l-(2': 4'-dichlorophenyl)-3-carbethoxypyrazole m 

* This description of 4-hydroxy * 1 -phenyl-3-carbethoxypyrazole (m.p. 85° C.) agrees 
with the observation of Wolff (‘ Ann. Chem.,’ vol. 313, p. 1 (1900)), who first obtained this 
compound from ethyl phenylazo-Y-brorao&cctoaoctate. ITavrwl (‘ C. R. Acad. Sex., 1 Paris, 
vol. 166, p. 1912 (1913)), who states that he obtained the compound from ethyl phenylazo- 
y-ohloroacetoaoetate, gives its melting point as 258°-280° C. The compound he describes 
cannot have been 4-hydroxy-l-phenyI-3-carbethoxypyrazole. 
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acetic acid solution at the ordinary temperature. It crystallises from boiling 
alcohol in long, slender, flattened, colourless prisms, m.p. 161°. (Found: 
Cl, 31-7. C 12 H 90 3 N a Cl 3 requires Cl, 31*7 per cent.) 

i-hydroxy-l-(2': I'-dichlorophenyl )-3-ca rbethoxy-5-bromopyrazole was obtained 
both by eliminating hydrogen bromide from ethyl 2:4-dichlorophenylazo- 
YY-dibromoacetoacetate, and by bronnnating 4-hydroxy-l-(2': 4'-dichloro- 
phenyl)-3-carbethoxypyrazo!e. Colourless, flattened, obliquely truncated 
prisms from alcohol, m.p 17G°-177°. (Found: Cl, 18*7; Br, 21-0. 
C 19 H tt 0 8 N a Cl fi Br requires Cl, 18-7 , Br, 21-05 per cent.) 


Summary 

The action of chlorine or bromine upon arylazoacetoacetates, in which the 
cyclic group is not already fully substituted, causes both substitution in the 
nucleus and replacement or substitution of the acetyl group or carbethoxy 
group 

Two halogen atoms only enter the phenyl nucleus, even when excess of 
halogen is used Hence the action of either chlorine or bromine upon ethyl 
2 :4-dichloro- or ethyl 2 * 4-dibromophenyl-azoacetoacetate is similar to its 
action upon the corresponding ethyl 2*4: 6-trihalogenphenylazoacetoacetates. 

According to conditions, bromine either replaces or substitutes the acetyl 
group, and finally replaces the carbethoxy group, yielding the compounds, 


X 

X I 

N C 


(I) 


I 

co 2 c 2 h 5 


COCHX 2 

X | 

>NH N'C 


I 

COjCiH, 


(m) 


COCHjX 

X | 

XQNH N:C 


(n) 


I 

COjCjHf 


COCHXj 

X I 

X^~~^NH n:C 


I 


(IV) 


X = Cl or Br. 


With chlorine only stages (I) and (II) are realised, since the molecule breaks 
down when the more vigorous action required to bring about stages (III) and 
(IV) is attempted. 
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The action of chlorine and bromine on unsubstituted or partially substituted 
ethyl phenylazoacetoacetato is similar, but halogen atoms also enter the 
nucleus. As these various substitutions and replacements do not, however, 
occur in strict succession, mixtures are generally obtained, from which indi¬ 
vidual compounds can only be isolated with difficulty. 

When heated with alcoholic potassium acetate, the arylazo-y-halogenaceto- 
acetates and arylazo-YY“dffi a l°g c nacetoacetates lose hydrogen halide, with ring 
closure, and formation of derivatives of 4-hydroxypyrazole. 


The Apparent Conducttmty of Oxide Coatings used on Emitting 

Filaments 

By R H. Fowler, F R.S., and A. H Wilson 
(Received June 3, 1932 ) 

§1. Recent experiments by Reimann and Treloar* among others have 
thrown further light on the way in which the electrical current supplying the 
filament emission passes through the coating of barium- or strontium-oxide, 
used to render the filament a low-temperature emitter. They have studied 
in particular the variation of the current flowing with applied potential and 
with temperature. Though these phenomena have been elaborately dis¬ 
cussed already by these authors and also by Reimann and Murgoci,f by BeckerJ 
and by Lowry,§ it seems to us possible that something new can be said in the 
light of the more detailed theory of semi-conductors and rectifying contacts 
now available.il It is possible that in return for the study of conductivity 
some light may be thrown on the most perplexing feature of thermionic 
emission from oxide-coated cathodes—its failure to saturate properly for 
moderate voltages. 

* * Phil. Mag.,* vol* 12, p. 1073 (1931). 

t 1 Phil. Mag.,’ vol. 9, p. 440 (1930). 

$ ‘Phys. Rev.,' vol. 34, p. 1323 (1929); 1 Trana. Amer. Electro-ohem. Soo.,' vol. 59, 
p. 207 (1931). 

§ 4 Phys. Rev./ vol. 35, p. 1367 (1930). 

|| Wilson, 4 Ptoo. Roy. Soo./ A, vol. 136, p. 487 (1932). Substantially the same theory 
has been proposed independently by Frenkel and Joffe, ‘ Phys. Z. Sowjetiuuon/ vol 1, 
p. 60 (1932), and Nordheim, 4 Z. Physik/ vol. 75, p. 434 (1932). 
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The recent experimental work of Reimann and Treloar need only be shortly 
summarised here. The conductivity measurements were made by measuring 
the current between two oxide-coated nickel filaments twisted tightly together 
and recoated after twisting. [The two twisted wires were used jointly as a 
single cathode for thermionic measurements.] The conductivity as measured 
is therefore derived from the current flowing from metal electrode to metal 
electrode for given potential difference between the electrodes, deeply immersed 
in the oxide and separated by a thickness of oxide of the order of 0*02 mm. 

The conductivity grows during a, forming process and suffers oxygen poison¬ 
ing in very much the same way as the thermionic emission; as a consequence of 
these forming and poisoning processes it is agreed that some amount of electro¬ 
lysis is going on, which may well account for the greater part of the conductivity 
in the earliest stages of forming. We shall see later in discussing the time- 
effects of the conduction currents that we must suppose that part of the current 
is carried electrolytically throughout the life of the filament. But we shall 
also be driven to conclude from the same time-effects that the current must be 
composite and cannot be purely electronic or purely electrolytic. There is 
no longer any difficulty in supposing that the major part of the current is 
electronic so far as concerns the temperature-variation of the current for given 
voltage. This variation is that typical of electronic semi-conductors. It is 
our object here to examine whether the current-voltage-temperature relation¬ 
ship for the formed coating may not be simply (but of course only roughly) 
explained on the supposition that the current is mainly electronic, provided 
we bear in mind the peculiar properties of semi-conductors and semi-conductor- 
metal contacts. We conclude that such an explanation is possible, but no 
precise and elegant account is to be expected of such a complex phenomenon. 

§ 2. Ideal Current-voltage Relationships for the System Metal-semi-conductor - 
metal .—The current-voltage relationship observed by Reimann and Treloar 
is a composite one built up out of three sections which must be discussed 
separately—the nickel/oxide interface, the oxide itself, and the oxide /nickel 
interface. The whole system might be asymmetrical and have a rectifying 
effect, but it is more reasonable and probably correct to assume that the mean 
properties of the two contacts are the samo, since they were treated identically, 
so that the system is symmetrical and cannot rectify. 

The voltage V applied between the nickel filaments may be thought of as 
broken up into three parts 


v - y x + v, + v 3i 


(i) 
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applied respectively to the metal/oxide interface, the oxide layer and the 
oxide/metal interface. Then according to the proposed theory of semi-con¬ 
ductors and rectifying metal/semi-conductor contacts, we have approximately 


I * Ae- w ' iT {e* v ' iT - 1} 

(metal/oxide) 

(*> 

I = Be“ w/ * T V a 

(Ohm’s law %n oxide) 

(3) 

I = Ae _w/ * T (1 - f-‘ v * tT ) c ,v * 

(oxide/metal). 

(4) 


These formulae provide only a rough approximation to the exact formulae 
of the theory, but they should suffice for a first survey. A and B are con¬ 
stants ; they include really powers of T whose variation may be ignored 
compared with that of other factors. The factor e“ w/ * T comes frogi the number 
of conducting electrons in the oxide provided by the thermal excitation. The 
factor exp (± zVjkT 0 ) represents the variation of the mean transmission 
coefficient of the metal/oxide contact with the voltage applied across the 
contact; &T 0 being merely a constant representing the properties of this 
layer. The factor will over-estimate the effect of V on the transmission 
coefficient for values of V greater than &T 0 . In general &T 0 may be expected 
to be fairly large compared with fcT. 

Formula (4) gives the current-voltage relationship for a rectifying contact 
when the current flows in the direction of high resistance. It is obvious by 
inspection that the current tends to saturate at the value A exp (—W/i;T) and 
later increases again owing to the increased transmissibility Formula (2) 
gives the similar current voltage relationship in the direction of low resistance. 
There is here a rapid exponential increase of current, somewhat affected at 
later stages by the diminishing transmissibility. Formula (3) is merely Ohm’s 
law for the oxide itself. 

In order to obtain las a function of Vfrom formulae (l)-(4)it is only necessary 
in principle to assign suitable values to the constants, plot I as a function of 
V x , of V* of V 8 , on three separate diagrams, read off V lf V 3 and V 3 for a given 
value of I, thus obtaining 1 =/(V x + V 2 + V 3 ) — /(V). Various devices 
can be used to shorten the work, into which we need not go. The curves 
shown in fig. 1 are the result of this process, using the values of T 0 and A/B 
there stated. These are the only structural parameters in the equations which 
affect the form of the curves. The remaining constant, which may be taken 
to be A exp (—W/JfeT), is a common factor in each expression for I. Since we 
cannot compare absolute values of I calculated and observed, this common 
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factor does not concern us except for its temperature variation, which merely 
alters the soale of I from one temperature to another. 

§ 3. Characteristics of the I-V Curves and their Comparison with Observed 
Values .—It is easily seen that the curves are of much the same characteristic 
shape at all temperatures, the principal change being in the scale factor 
exp (—W/fcT). The only other factors in which the temperature occurs are 
(exp zYJkT — 1) and {1 — exp (—eV 3 /fcT)}. Of these the first is comparatively 



Fig. L—Showing calculated and observed ourrent-voltage curve* I ~/(V) = /(V,-f V,) 
for different values of the parameters and a temperature of 022° K, 

unimportant, since Y x is small and adjusts itself to V,. The second factor is 
practically constant for large values of V 3 , and so, if we remove the scale factor 
exp(~W/ifeT), the various current-voltage curves will differ somewhat for 
small values of V, but will tend to become the same for values of Y much larger 
than kT. The general similarity of shape means that, if any particular voltage 
V is chosen (it does not much matter what) and log I is plotted against 1 /T for 
constant V, a good straight line will be obtained whose slope will determine W. 
This should occur in spite of the peculiar shape of the I-V curve and its failure 
to show saturation. It was, in fact, found by Reimann and Treloar that good 
straight line plots of log I against 1/T are so obtainable. 

The calculated curves at all temperatures show a considerable amount of 
“character,” differentiating them from the ohmic straight line. They all 
show the initial sharp rise and the tendency to saturate, followed later by a 
further increase. The character is naturally more marked for larger values 
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of T 0 , which delay the breakdown of the attempt to saturate to higher voltages 
and for larger values of B/A, that is, for a smaller ohmic part of the total resis¬ 
tance. Except that the final rate of increase, in the neighbourhood of 5 volts 
or so, is too rapid, the calculated curves give a very good representation of the 
observed I-Y curve at 922° K. given by JReimann and Treloar, m their fig. 3, 
curve I. It is, however, interesting to record that their observed curves at 
lower temperatures show distinctly less “ character ” and cannot be imitated 
by any of the calculated curves using constants in any way comparable to 
those used at 922° K. In the particular curves of this figure again, the ratio 
of the currents at 922° K. and 793° K. and at 793° K. and 652° K. are quite 
inconsistent with a constant value of W, especially at the higher voltages. 
Now a variation with temperature like exp (—W/fcT) is to be expected of the 
current at a given voltage, whether it is electronic or electrolytic. We are, 
therefore, forced to conclude, if the electronic theory we are using is in any way 
correct and if the experiments may be taken at their face value, that the current 
is a mixed one, mainly electronic at the higher temperature, mainly electrolytic 
at the low. This is in agreement with the results of Becker," 1 who finds a 
conductivity of the type 

a 1 c-^ T + a a e -*' 1, 1 

and who interprets these terms as electronic and electrolytic respectively 
with pi > P 2 , ol x > a 2 . The change in “ character ” of the curves for different 
temperatuies appears to us by itself as necessitating some Buch interpretation 
as that the current is a mixture of two different effects. 

So far we have not considered how the electrolytic part of the current should 
vary with voltage, but this can readily be done, if wc use the model proposed 
by Gurneyt in his paper on the quantum mechanics of electrolysis, and assume, 
rather boldly perhaps, that it is applicable also to the electrolysis of the solids. 
The current is then carried through the oxide coating by Ba + (or Ba ++ ) and 0~ 
(or 0 ) ions which are discharged at the metal electrodes by extracting an 

electron from or surrendering one to the metal. The relationship between the 
voltage drop and the current across either interface is for this current of the form 



* Loc.cit. (1931). 

| * Proc. Roy. Soc.,’ A, vol. 134, p. 137 (1931). 
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provided the voltage is not too great, the sign of V being, of co&rse, that required 
to drive the electron current. The relationship for the oxide Vaelf is perhaps 
roughly ohmic, but comparatively more important than the ohmic part of the 
electronic current owing to the much shorter free path of an ion. T^he electro¬ 
lytic current according to equation (5) plus an ohmic section wilhshow no 
tendency to saturate at moderate voltages; without the ohmic seSfion it 
would increase exponentially over the whole voltage range, for which (5) is *jdid, 
which is of the order of a few volts. With an ohmic section the exponential 
rate of increase will be steadily slowed down until the current-voltage curve-, 
approximates to a straight line at the higher voltages. The voltage at which 
this occurs will, of course, depend on the temperature and also on the relative 
importance of the interface and ohmic potential drops. The ohmic section 
will also, of course, be required to take up the greater part of the total voltage 
drop, so that the voltage drops across the interfaces will probably remain 
in the region of validity of (5) for comparative large total voltages. The 
electrolytic current-voltage curves will therefore show none of the “ character ” 
found at 922° K. (fig. 1). They are therefore just exactly of the general type 
required to explain the curves found by Reimann and Treloar at lower tempera¬ 
tures. 

To attempt any more detailed analysis of the I-V curves on these lines 
would be a mistake, as there are too many constants at ourdisposal to make any 
fitting of the curves obtained significant. But if we may suppose that the 
electronic current is dominant at 922° K., we may conclude that the theory 
gives an excellent account of the observed curve, except at the higher voltages. 
But here the too sharp rise of the theoretical curve is due to the faulty approxi¬ 
mations wo have used for the actual theory. 

§ 4. Time-changes in the Current-voltage Relationship .—If the proposed 
explanation of a mixed conductivity is accepted, we believe that a satisfactory 
explanation can be given of the time-changes in the current voltage relation¬ 
ship, observed especially at low temperatures. At such temperatures it is 
found that on imposing a new voltage the current only slowly reaches its new 
equilibrium value. In particular if the voltage, having been steady at V x with 
a current I x is reduced to V a (with a final equilibrium current I a ), the current 
rapidly falls to a value I a ' (> I a ) which may be more than twice as great as I a . 
Now suppose the current is mixed. Besides the electron current there is then 
an electrolytic current, positive Ba ions going one way and negative 0 ions 
the other, both being discharged on the filament electrodes. Besides the 
steady accumulation of discharged atoms, there will tend to be a concentration 
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gradient of Ba ++ and 0" " with a* associated back potential gradient opposing 
the electrolytic current characteristic of the current flowing. This potential 
gradient will, of course, also oppofcc the electron current. But the modifica¬ 
tion of the potentials in the surface payers, by the Ba ++ in the oxide to which the 
electron has to jump from the metal and by the O - * in the oxide from which the 
electron has to jump to the metal, will assist the electron current, and if the 
ohmic part of the resistance is small this effect can easily outweigh the polarisa¬ 
tion effect in the oxide itself. Thud, after a decrease of voltage, and until the 
concentration of heavy ions has fallen by diffusion to the correct new value, 
an electron current will flow which is greater than the equilibrium value for 
the new voltage, thus accounting for the observations 
It must not be supposed that we could yet give a satisfactory quantitative 
account of the observations in this simple way. We have suggested that at 
low temperatures the electrolytic current becomes a significant fraction of the 
whole current, or even dominates it. At the same time we propose to explain 
the time effects by changes in the electronic current due to changes m the 
heavy ion concentrations. It has yet to be shown in numerical detail that these 
two effects are consistent, and this is not possible without a more elaborate 


theory, 

§ 5. Forming , Poisoning and Reviving .—We now comment shortly on the 
special features of oxide-coated cathodes enumerated in the heading, for they 
seem to provide some of the strongest evidence that the coating is an electronic 
semi-conductor with an impurity conductivity, the important impurity being 
free barium or strontium. In “ forming n a filament the formation or activa¬ 
tion proceeds much more rapidly if electron currents are drawn from the coating 
than if the coating is merely heated. When currents are flowing the barium 
ions will move through the coating, thus beginning to supply the necessary 
electron sources for the conduction. Activation proceeds with oxygen emis¬ 
sion, and poisoning is the reverse process proceeding when oxygen can be 
supplied to the filament. All these features point to the necessity of free 
barium in the coatings, which is even more forcibly supported by the fact that 
free barium activates a filament when directly supplied by distillation. There 
is thus quite unambiguous evidence that the active state of the filament (when 
the filament coating both conducts current and emits electrons efficiently) 
is a state in which free barium is present as an impurity and probably (but this 
is only an inference) present both on the surface as a monatomic film and in 
the bulk of the material. That an active coating is in such a state that it will 
conduct electronically as an impurity semi-conductor is therefore no ad hoc 
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hypothesis, but a necessary consequence of its other properties. It seems to be 
fair to conclude that the observed current-voltage relationships are to be 
accounted for in the way we have suggested. 

§ 6. The Thermionic Emission —When we come to consider the thermionio 
emission, and m particular its variation with anode voltage, it must at once be 
admitted that any existing theory fails completely. In spite of this we wish 
to point out some significant facts in the hope that they may in the future 
lead to a better understanding of the underlying processes. The most striking 
feature of the thermionic current is its failure to saturate, and the curves of 
thermionic current against anode potential show an extraordinary resemblanoe 
to the curves of conduction current against voltage, which we have discussed 
above. This failure to saturate is not confined to oxide-coated filaments, but 
occurs whenever the emitting surface is composite, even when there is less than 
a monatomic surface layer of foreign matter present. It is reasonable, there¬ 
fore, to ascribe the failure to saturate to the presence of a film of barium on 
the surface of the oxide, but we can give no reasonable explanation of the effect 
of this film. The only way m which the thermionic current can be made to 
imitate the conduction current seems to be to assumo that the passage of the 
electrons through the composite surface layer to the vacuum requires a potential 
drop V s and has a current-voltage relationship (I, V a ) similar to that for the 
oxide/motal interface. We are then required to assume further that there is a 
current-voltage relationship (I, V 4 ) for the gap between the outside of the film 
on the cathode and the metal anode itself. Since there are no significant space 
charge effects in such cases, one is tempted to say that 31 /SV 4 = 0. But the 
problem then becomes indeterminate—that is, there is no unique (I, V) relation¬ 
ship where V = Vj + V a + V 3 -j- V 4 , unless one other equation can be found 
such as V 4 = 0. If we might assume V 4 = 0 and the proper features for the 
oxide/vacuum interface, then the observed thermionic current-voltage curves 
could be reproduced. For these assumptions we have no theoretical justifica¬ 
tion at present, but we believe a search for a solution along these lines might 
be profitable. 

It is a pleasure, m conclusion, to thank Messrs. Rcimann and Treloar, of the 
General Electric Company Research Laboratories, Wembley, for the informa¬ 
tion they have supplied to us, and for many illuminating discussions which 
gave rise to this paper, and Mr. J. Maodougall for help in computation. 
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Summary. 

Reoent experiments have established peculiar forms for the electrical con¬ 
ductivity of an oxide coating as applied to a metal wire to make it a good low 
temperature thermionic emitter. The current flowing has been studied as a 
function of voltage and temperature. By applying Wilson's theory of semi¬ 
conductors and rectifying contacts, and Gurney’s theory of electrolytic con¬ 
duction, it is possible to give a satisfactory analysis of the observations and to 
conclude that the current is a mixed one, mainly electronic at high temperatures, 
mainly electrolytic at low. The marked resemblances between the behaviour 
of the conduction current as a function of voltage and temperature and the 
behaviour of the thermionic emission, and one of the outstanding difficulties 
of thermionic theory, are commented on. 


The Influence of Foreign Gases on the IjOwct Critical Oxidation 
Pressure of Carbon Disulphide. 

By A. Ritchie, R. R. H. Brown, and J. J. Muir 
(Communicated by J Kendall, F.R.S —Received April 8, 1932 ) 

The study of gaseous reactions has recently acquired additional interest, 
since it has been found that a considerable number of reactions can be explamed 
on the basis of a chain hypothesis In 1923 Christiansen and Kramers* studied 
the kinetics of a unimolecular reaction and found that explosion is possible 
if the total change of energy resulting from the reaction is greater than the 
energy of activation. Since that time the mechanism of chain reactions has 
been carefully investigated and some of the conditions for the continued 
propagation of the reaction have been ascertained. 

Thus, if we have two gases mixed together without any chemical change 
taking place, a reaction may commence when even a very small quantity of a 
third molecule is added, or if one of the original molecules receives energy of 
activation (from whatever cause). Designating the original molecules for 
simplicity by A and B and the new molecule by C, which we will suppose reacts 

♦ ‘ Z. phys. Chem M » vol. 104, p. 461 (1923). 
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with A, giving a fourth molecule D (and possibly other molecules also), we 
have 

A + C + D. 

If then D reacts with B, producing more C (as well as other products): 

B + D ->C + etc., 

C and D are continually produced and form links in a chain, enabling the 
reaction to proceed. If the amount of C and of D formed m unit time is 
greater than the amount destroyed, the chain will have many branches, % e , 
the reaction auto-accelerates and explosion occurs. The active centres C and 
D may be destroyed in two ways: (a) by collision m the gas phase, (6) by 
collision with the surface of the vessel. These considerations show that the 
amount of C and D formed and destroyed in unit time varies with the con¬ 
centration of the gases A and B. There may be a definite range of concen¬ 
tration in which the rate of formation of the active centres exceeds the rate 
at which they are destroyed, %e. } in which “explosion” can occur. Many 
reactions are satisfactorily explained by this hypothesis Phosphorus vapour 
and oxygen, sulphur vapour and oxygen, hydrogen and oxygen, carbon 
disulphide and oxygen, are found to unite explosively only between certain 
limits of pressure, and Semenofi* showed that this is explicable by means of the 
theory of chains. He investigated the effect of the presence of foreign gas 
and the effect of varying the diameter of the reaction vessel on the lower 
oxidation limit and obtained the following relation : 


PrfPo. 



. )<P = K 
Pp. + PJ 


Pp 4 is the pressure of phosphorus vapour, p x the pressure of foreign gas, p^ 
is the critical oxidatiou pressure, d the diameter of the reaction vessel, and K 
a constant over a considerable temperature range. Dalton and Hmshelwoodf 
found that this equation also held when phosphine was substituted for phos¬ 
phorus vapour 

The equation can be derived theoretically by the assumption that below 
the critical pressure the chains are being broken so efficiently by the walls 
that the concentration of active centres remains stationary. The foreign gas 
molecules impede the chains reaching the wall and so lower the critical oxida- 

* ‘ Z. Phywk/ vol. 46, p. 109 (1927); vol. 48, p. 571 (1928); also Hinshelwood and 
Thompson, 1 Proc. Boy. Soo.,’ A, vol. 118, p. 170 (1928). 

t * Proc. Roy. Soc.,' A, vol. 125, p. 294 (1929). 
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tion pressure. The equation should hold for all similar chain reactions, but it 
must be noted that it is only approximately true. Melville and Ludlam* 
investigated the effect of a large number of gases and organic vapours on the 
oxidation of phosphorus, and although they found that straight lines were 
obtained when 1/p^ was plotted against 1 + Px/Pf* + Po, (Pv 4 bemg kept 
constant), these lines had not the same slope d 2 /K as is expected from the above 
equation. Melville and Ludlam showed that the differences were, in the mam, 
due to the different rates of diffusion of the chain propagators into the foreign 
guses. Melvillef has recently given a theoretical equation for this foreign gas 
effect. He finds that p x should be multiplied by a factor inversely proportional 
to the diffusion coefficient of the chain propagators into the gases present. 

The factor is 



where M x and M x are the molecular weights of the diffusing molecules A and 
of the foreign gas X respectively a 4X lft the sum of the radii of A and X. 
M A and a A will be mean values, as they represent the effect of two chain propa¬ 
gators. Thompsonf has recently found that the foreign gases change the 
lower critical explosion pressure of hydrogen-oxygen mixtures in the same 
order as was found by Melville and Ludlam. In this case active centres were 
introduced by an electric spark. 

The critical pressure limits of the carbon disulphide oxygen explosion have 
been investigated by Thorapson.§ His researches show that the active centres 
of the cham are principally formed at a hot wall. 

In the present investigation the carbon disulphide and oxygen were kept at 
room temperatures and the hot wall furnished by a glass-covered or ordinary 
tungsten filament. It was found that this method gave the pressure of foreign 
gas at the lower critical oxidation pressure to within 1 mm. of mercury. The 
object of the present work was to investigate the effect of several gases and 
organic vapouTs on the lower critical oxidation pressure for CS a : 30 a mixtures 
with a view to testing the applicability of Semenoffs equation with Melville 
and Ludlam’s correction. 

* ‘ Free. Roy. Soc./ A, vol. 132, p. 108 (1931). 

t ‘ Trans. Faraday Soc.,' vol. 28, p. 308 (1932). 

X * Trans. Faraday Soc.,’ vol, 28, p. 299 (1932). 

§ * Z. phys. Chem./ B, vol. 10, p. 273 (1930); Thompson and Kearton, ‘ Z. phys. Chenu,' 
B, vol. 14, p. 369 (1931). 
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Apparatus and Procedure . 

The apparatus is shown diagrammatically in fig. 1. R is the reaction tube, 
which is 25 cm. in length and 2 * 5 cm in diameter. The filament F is mounted 
on a degassed nickel support, which is attached to borated copper wire, which in 
turn passes to the outside of the vessol through a pinch seal. The whole 
arrangement is mounted on the ground glass joint of the reaction tube. The 



Fig. 1.—Diagram of the reaction tube R showing connections to oxygen reservoir 0, to 
the foreign gas reservoir A, and to the CS 2 reservoir C a . 

glass filament is prepared as follows. Pyrex tubing is drawn down to a fine 
capillary which is threaded with 0*1 mm. tungsten wire and the glass melted 
on to the wire electrically xn vacuo . Glass ends are now fitted on and filled 
with lead into which pass copper wires. This type of filament was first used 
by Melville in connection with the stable chain oxidation of phosphorus. 
Actually most of our experiments were conducted using a plain tungsten fila¬ 
ment. This was only heated to a dull redness and so practically no oxidation 
took place. The results show that there is little difference in the behaviour of 
the two filaments M is a sulphuric acid manometer with scale attached. 
Cj contains the carbon disulphide, A and 0 arc reservoirs for foreign gas and 
oxygen respectively. When organic liquids are used they are placed in B x , 
which is then connected to the rest of the apparatus at J. 

The procedure is as follows. C x is immersed in liquid air and the apparatus is 
evacuated, using an electrically driven oil-pump. Tap T 3 is closed and some car¬ 
bon disulphide distilled into C 8 . The taps T x and T 6 are now closed and A and 0 
filled with the foreign gas and oxygen to a pressure of about 20 mm. of mercury 
through tap T 4 . Carbon disulphide vapour is now introduced into the reaction 
vessel to the desired pressure as read from the manometer. Oxygen is then 
admitted to about three times that pressure. The filament is switched on for 
1 or 2 seconds. If the pressure is below the critical value no flash is seen and 
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the manometer reading remains the same. The foreign gas is now admitted 
in small quantities by means of the tap-pipette T a and the filament heated 
after each addition. At a certain pressure of foreign gaB an explosion takes 
place and the pressure falls. The explosion is accompanied by a blue 
luminescence. 

Organic liquids were distilled in vacuo from to B 2 and their vapours 
admitted by the tap-pipette uito the reaction vessel. In the case of hydrogen 
the oxygen had to be introduced afterwards for reasons which will appear later. 
The oxygen, nitrogen, argon, hydrogen and carbon dioxide were all obtained 
from cylinders and were dried by passing them over phosphorus pentoxide. 
Sulphur dioxide was obtained from a syphon of the liquid. The carbon 
disulphide was previously distilled and the middle fraction used. The carbon 
tetTachlonde was sulphur free The table below shows some of the experi¬ 
mental results. All pressures are in millimetres of mercury. 


Table I. 


Inert gas X. 

1\ v 

Po, 

p inert gas 

1/.Pcs 5 /'0i ' 

i + p ; - - 






Pea, i Po« 

Carbon 

3 7 

10 D 

0 

0 0162 

1 00 

dioxide 

3 9 

12 5 

4 9 

0 020G 

1 30 


3 8 

n 4 

6 9 

0 0231 

1 45 


3 4 

10 2 

11 0 

0 0288 

1 81 


2 7 

8 l 

23 8 

0 0457 

3 20 

Sulphur 

3 7 

16 8 

0 

0 0103 

1 00 

dioxide 

4 l 

12 0 

3 7 

0 0192 

1 22 


3 5 

11 2 

9 0 

0 0253 

1*65 


3 2 

10 3 

12 0 

0 030 

1-03 


3 0 

9 3 

16 8 

0 0359 

2 36 

Nitrogen 

1 4 0 

15 7 

0 

0 0159 

1 00 


4 a 

12 4 

10 1 

0 0204 

1 02 


3 7 

15 1 

4 3 

0 0181 

1 23 


3 5 

10 8 

21*9 

0*0203 

2 53 


3 0 

9 3 

35*2 

0 0359 

3 86 

Argon 

3*6 

16 6 

0 

0 0169 

1 00 


4-2 | 

12 6 

4 2 

0 0189 

1 25 


3 8 

11 8 

9 9 

0 0224 

1 03 


3 2 

0 7 

19 1 

1 0 0317 

2 47 

Argon, using a 

3 4 

' 10 .1 

8 2 

0 0287 1 

1 •> 

glass - covered 

2 7 

i 8 1 

12 8 

0 0456 

2 18 

filament 

2 3 

7 3 

10 1 

0 0596 

2 68 

Hydrogen 

3-9 

16 4 

0 

0 0150 

1 00 


3 8 

20 3 

13 8 

0 0130 

1 57 


3 7 

27 4 

27 0 

0 0100 

1 87 


3 5 

31-4 

38 2 

0 0090 

2 09 


4 0 

181 

11*3 

0 0138 

1 51 


3 9 

24 1 

5 0 

0 0106 

118 


3-7 

26 6 

12-3 

0 0104 

1 41 


2 u 2 



516 


A. Ritchie, R. R. H. Brown and J. J. Muir. 


Discussion. 

As shown in fig. 2, when 1 /pcs. Vo, is plotted against (1 -|- S— —j satis- 

\ Pcs. + Po,' 

factory lines are obtained except in the case of hydrogen. The slopes of the 
lines given by argon, nitrogen, carbon dioxide and sulphur dioxide follow the 



1 + ^ '• Pop P< and P* 

Pcs. + Po, 

being the critioal oxidation pressure, the pressure of CS, and the pressure of foreign 
gas respectively. 


Fig. 2 —The graph obtained by plotting 1 IpcstPo, against 


same order as was found by Molvilic and Ludlam ( loc . cit.) for the P 4 : 0 3 
explosion. Assuming 

P< ».Po. ( 1 + ■ ^ • x ) = constant 

V p^. + pj 


(— pcs,Poi when no foreign gas is present), the above experimental results 
give the following values for /D x _1 . 


Foreign gas. 

Nitrogen. 

Argon 

Carbon dioxide. 

Sulphur dioxidi 


0-42 

0 04 

0 83 

0< 92 


These values are not sufficiently accurate to enable a calculation of the 
molecular weight of the chain propagator to be made, using the expression 

■’q' W + W (ot fDx . K 

lc 
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Hydrogen gives an abnormal result. The presence of hydrogen, instead 
of reducing the value p c $ t p^, actually increases it. This result is accounted for 
in the following way. In all the other experiments, the change of pressure 
after exploding was always about 80 to 90 per cent, of the original pressure of 
carbon disulphide. This means that the mam reaction gives sulphur dioxide 
and carbon dioxide. When hydrogen was present the change of pressure after 
explosion was approximately one and a half times the pressure of the hydrogen. 
The main reaction is therefore the formation of water from hydrogen and 
oxygen. It therefore appears probable that we were dealing with the H ft : O a 
explosion and that CS 2 was behaving as an inert gas by preventing the H a : O a 
chain propagatoxs reaching the wall. 


Table II. 


P»w 

Pot 

Pi hi 

1/PiUPot * ! 

| i 

1 f 

Ph. + Po a 

n 8 I 

1 20 3 

3 8 

0 357 

1 11 

27 0 ! 

! 27 4 

3 7 

0 137 

1 07 

38 2 

31 4 

3 5 

! 0 083 

1 05 

11 3 

18 1 

4 0 

j 0 489 


n 

24 1 

.1 0 

i 0 830 ; 

! 1 13 

12 3 

25 5 

3 7 

0 307 

1 1 09 


When l/p Hi Pot is plotted against 1 ~\ -— as shown in fig. 3 a straight 

PHt+POt 

line is obtained, if the value obtained for a very small pressure of hydrogen is 
excluded. A peculiar fact about this line is that it appears to show that the 



Fig. 3.—The graph obtained by plotting l/p H| Pu. a g ain8t 1 ■ • Po t > Pcs. “id p H| , 

rH| i rOi 

being the critical oxidation pressure, the pressure of CS a and the pressure of hydrogen 
respectively. 
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H a : O a explosion is impossible under the experimental conditions unless carbon 
disulphide is present. It is therefore very probable that CS a acts as an explosion 
sensitisor for the H s : O a reaction. The propagator of the CS a : O a explosion 
chain may give on colliding with H a an active centre, which can start the 
propagation of the H a : 0 a chain. Carbon disulphide therefore can bo looked 
upon as a catalyst of the reaction under the special conditions of these experi¬ 
ments. 

The effect of carbon tetrachloride and of benzene on the lower critical pressure 
was complicated as neither of these vapours acted as “ inert ” gases. When a 
certain pressure of benzene or of carbon tetrachloride was reached, on heating 
the filament a cloud of white particles was formed and a deposit was left on the 
walls. This pressure was just about where explosion would be expected if 
these vapours behaved as inert gases. It is probable that the active centres 
are decomposed on colliding with the organic molecules to give sulphur or 
complicated compounds. 

Thompson* found that it was difficult to get reproducible results for the 
explosion limit owing to variations of the surface of the reaction vessel. There 
was no difficulty of thts kind in the above experiments, as after one or two 
explosions, which yielded high values, steady results were obtained. The 
explosion gave no apparent deposit on the walls, but it is very probable that the 
surface is covered with a thin layer of sulphur or a compound of sulphur, so 
that further explosions do not change the nature of the surface. The fact 
that the explosion limit changes with the surface is evidence that chains can 
be reflected from a surface as well as broken by that surface. 

Below the lower critical limit a blue luminescence could be seen round the 
hot filament, but no change of pressure was observed. This luminescence is 
taken as evidence of a stable chain reaction below the critical limit similar 
to the P 4 : O a stable chain found by Melville and Ludlam.f The luminescence 
observed by Thompson during the induction period is probably due to this 
type of stable chain. Further examination of the luminescence below the 
lower limit will shortly be earned out. 

Summary . 

The lower cntical oxidation pressure of carbon disulphide vapour in presence 
of “ inert ” gases has been found to obey the expression 

pcs.Poi 1 + “ con8tant > 

' P™, + Po,' 

* ‘ Z. phyg. Chem.,’ B, vol. 10, p. 273 (1930). 
t ‘ Proo. Roy. Soo.,‘ A, vol. 135, p. 315 (1932). 
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where p CSi and p^ are the lower critical explosion pressures in the presence of 
pressure p x of inert gas. D x is the diffusion coefficient of the chain propagator 
into the foreign gas. 

The effects of hydrogen, carbon tctrachlorido and benzene, which do not 
behave as “ inert ” gases, are discussed. 

In conclusion, we wish to thank Dr. Ludlam and Mr. Melville for their interest 
and advico while the work was in progress, and the Moray Fund for a grant to 
one of us (A.R.) towards the cost of apparatus. 


The Recovery of Proportional Elasticity m Overstrained Steel, 

By S. L. Smith, D Sc., A.C.G.I., and J. V. Howard, D Sc. 
(Communicated by W. E. Dalby, F R.S.—Received April 8, 1932 ) 

When a metal is pulled beyond its yield point, the total extension is partly 
a plastic permanent set and partly elastic in the sense that some of the strain 
disappears on the removal of the stress. But this elasticity differs from the 
primitive elasticity of the material in that the stress plotted against the strain 
during the unloading period gives a curved line instead of a straight one. On 
immediately reloading the material, the stress-strain line is again curved, but 
in the opposite direction ; so that, during the unloading and reloading, the 
stress-strain curve forms a loop of what may be termed mechanical hysteresis 

Bausehmger was the first to observe that the limit of proportional elasticity 
could be lowered by overstraining the metal; and that, by resting the test- 
piece for a period of 50 hours, the elastic limit was restored to a value sometimes 
above its initial or primitive value. 

The questions which at once present themselves are :— 

(1) Can the property of proportional elasticity always be restored to the 

overstrained metal by resting it at ordinary temperatures ? 

(2) Is the penod of 50 hours used by Bauschinger sufficient to allow the new 
limit of proportional elasticity to reach its highest possible value, or 
will a longer rest period permit a greater degree of elastic recovery and 
a still higher value for the new elastic limit i 
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(3) In what way do variations in the composition of the metal affect its 
power of recovery ? 

(4) Would the recovery of proportional elasticity be prevented if the metal 
carried a constant stress during the pause between testing instead of 
resting under no load as in the Bauschinger experiments 1 

It seems possible that the answer to these questions might throw some light 
on the behaviour of metal subjected to stress-repetition. 

Some 9 years ago the authors made an investigation of the factors which 
determined the formation of the hysteresis loops.* A number of the test 
pieces used in this work were severely overstrained but not broken. These 
have been stored away since that time and have now been re-tested. For this 
investigation the load-extension instrument devised by Professor Dalbyf 
was used, in which the load-extension line for a tension test is traced out by a 
spot of light moving over a photographic plate. 


1 Scope of the Investigation. 

The present research has been confined to the study of steels of different 
types. 

The steels tested compuse 

(l) A senes of straight carbon steels ranging from mild steel of 0*10 per 
cent, carbon content to steel of eutectoid composition, 0-85 per cent 
carbon, and including one case of bright-drawn cold-rolled mild steel. 

(li) A series of steels similar to the above as regards carbon content but 
containing about three times as much phosphorus, namely 0*1 per cent, 
instead of 0*03 per cent. 

(ni) Low-carbon nickel steels of the case-hardening type. 

(iv) A 3 per cent, nickel steel of forging grade. 

(v) Nickel-chrome steels including an air-hardening steel. 

All these steels were given various heat treatments before the original over¬ 
straining, the particulars of which are stated in the Table of Results. 

* ‘ Proc. Roy. Soc.,’ A, vol. 107, p. 113 (1925). 
t ‘ Phil. Tran*.,’ A, vol. 221, p. 117 (1921). 
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2. The Original Overstraining . 

This was carried out in a special manner. Each test-piece was first pulled 
to a point beyond its yield-pomt, the line of primitive elasticity being recorded. 
The load was then removed and immediately re-applied, thus causing the load- 
extension line to describe a loop The looping operation was repeated at 
intervals of permanent set of about 0*03 inch, but only every fourth loop was 
recorded. This process was continued until the maximum load for the test- 
piece was reached. 

Fig. 1 shows two typical records and also, to the loft hand, the load-extension 
diagrams obtained from a breaking test on a piece of the same material. 

The upper diagrams refer to a nickel steel of forging grade. The load- 
extension diagram for the break test has all the characteristics associated with 
a normal steel, namely, a load peak at the yield point, followed by a yield 
period link during which the load is nearly constant, followed again by the 
curve of plastic deformation. The primitive limit of proportional elasticity, 
scaled off the record of the looping test, occurs at 24*5 tons per square inch. 

The lower diagrams were obtained from a nickel-chrome steel. The load- 
extension diagram differs fundamentally from the previous one m that it has 
no yield point m the usually accepted sense. It also possesses a very low 
primitive elastic limit. A high elastic limit and a definite yield-point can be 
conferred on the steel by suitable heat-treatment. (See tests Nos 44 and 45 
m the Table of Results.) 

Instead of the above method of overstraining, some of the test-pieces were 
subjected to continuous looping at constant load. 

3. The Re-test for Elastic Recovery 

Each test-piece was pulled to a predetermined load and immediately un¬ 
loaded, the load-extension lines for loading and unloading being recorded. 
This process was carried out with a number of loads ranging up to the final 
load reached in the original overstraining. 

The object of this procedure was to enable any curvature of th'* load- 
extension line to be readily detected. 

If the metal had recovered its proportional elasticity, the loads for ascending 
and descending loads would be coincident. 

If the metal had not recovered, the load-extension lines would bo curved 
and the record would show a loop. 

Figs. 2, 3 and 4 show some of the records obtained in tho re-tests. 



B«c*mr'Ufr Diagram Looping Diagram Ttvr specimen* ' 2 du x 5 "gauge length 
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4. Types of Re-test Record 
The records can bo classified into three groups. 

( 1 ) Complete Elastic Recovery —Fig 2, test-piece No. B.8 is an example of 
this type of record. The primitive elastic limit occurred at 5 * 1 tons, and the 
maximum load originally reached was 8-5 tons 



The load-extension lines for loading and unloading in the re-test are coin¬ 
cident up to the maximum load applied in the original overstraining, showing 
that the metal had completely recovered its property of proportional elasticity 
and that the limit of proportionality had been raised right up to the last stress 
previously applied. 

The test-piece was finally pulled until it definitely yielded. The record of 
this pull is marked i% 4 ” and shows the yield-point, occurring at 10*0 tons. 

(ii) Partial Elastic Recovery .—Fig. 2, test-piece B.6 is an example. (See 
test No, 39 in the Table of Results.) The primitive elastic limit occurred at 
a load of 2*8 tons and the steel had no definite yield point, the load-extension 
diagram from the original test being of the same type as that of test-piece 
B.15 shown in fig. 1. The maximum load applied in the original tost was 
10*8 tons. 

The loading and unloading lines traced at the lower loads on re-tesiing are 
coincident, but loops develop at the higher loads before the previous maximum 
load is reached. 

The first two pulls of the re-test afford evidence of elastic recovery Pull 
No. 3 gives a small but definite loop showing that the limit of proportional 
elasticity has been passed, but that the ractal is non-proportionally elastic 
since the loop closes at the bottom and no permanent set is recorded. 
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The final pull, No. 5, gives a yield-point on rc-testing at 11*3 tons. 

Fig. 3, obtained with a nickel-chrome steel (test No 46 in the Table of Results) 
is a re-test record of the same typo. 



(i»i) No Elastic Recovery .—Fig. 4 shows two records of this type. 

In both cases loops arc traced even at the lowest loads applied in the re-test, 
showing that there has been no recovery of proportional elasticity although 
the metal possesses complete non-proportional elasticity. 



Fia 4 ,— Typical re-test records : non-rcoovery type. 


Test-piece B.10 had a primitive elastic limit at 8*0 tons and the maximum 
load applied in the original test was 10-2 tons, which pull No. 5 shows to be 
the new yield-point. 

Test-piece A.58 had been looped at a constant load of 6 * 1 tons. Pull No. 3 
of the re-test, to a load of 6*1 tons, gives a loop which is absolutely identical 
with the last loop recorded in the original looping test 9 years previously. 
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5. The Effect of Resting under Load . 

Two steels were used to investigate the effect of imposing a constant stress 
on the metal during the interval between the original overstraining and the 
re-test. 

The first was a steel containing 0-63 per cent, carbon (test-piece No. A.58, 
test No. 27 in the Table of Results). 

After looping at a constant load of 6-1 tons, the test-piece was set up in a 
single-lover testing machine of the ordinary type under the same load and 
allowed to remain for 18 days. No extension or creep occurred during this 
period and the beam of the machine remained floating without attention. 

On rc-testing at the end of the 18 days, the test-piece afforded loops which 
were identical, load for load, with those recorded m the original test. The 
steel had undergone no elastic recovery during the period of rest under load. 

The same test-piece was then rested under no load for 9 years. On re-testing 
identical loops were again obtained The material therefore had no inherent 
power of elastic recovery and the fact that it did not recover under load is 
immaterial. This is corroborated by test No. 26 in the Table carried out on 
the same steel. 

The second steel was a mild steel of 0 2 per cent, carbon content. Two 
test-pieces of this steel (R.2 and R 3, tests Nos. 49 and 50 m the Table) were 
overstrained in the usual manner and then rested for 22 days under stresses 
of 25*0 and 6*5 tons per square inch respectively. 

On re-testing, both test-pieces were found to have completely recovered 
their property of proportional elasticity right up to the maximum load 
previously applied. 

In this case recovery had taken place m spite of the load carried during the 
rest period and the inference is that recoverability is an inherent physical 
property and is unaffected by the condition of stress. 


6. Minimum Tune for Recovery . 

The mild steel referred to in the previous paragraph is evidently one that 
readily recovers its proportional elasticity. A test-piece of this material was 
therefore overstrained and re-tested at intervals of a few hours in order to 
determine how soon the recovery took place. 

Figs. 5, 6 and 7 form a complete record of the test history of this specimen. 
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Fig. 5 is the record obtained during the original overstraining, the maximum 
load reached being 7 -5 tons. 


e 



Fig. 5.—Original test: inild steel. 


Immediately after this overstraining the teat-piece was again loaded and at 
once unloaded. The record of this pull is shown at the left of fig. 6. Not only 
are the loading and unloading lines curved, but they do not meet at the bottom 
at no load, showing that the metal is in a partly plastic condition. 



The test-piece was then rested under no load for 6 hours and again pulled. 
The record was a closed loop as shown m the figure. The steel was no longer 
plastic, but its elasticity was still non-proportional. 

Subsequent pulls after increasing periods of rest afforded loops of gradually 
decreasing width until, after a rest of 30 hours, the lines of ascending and 
descending load wero coincident At some time between 24 and 30 hours the 
metal had recovered its proportional elasticity. The record obtained after 
41 hours serves as a confirmation. 
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The specimen was then re-tested in the normal manner. Fig. 7 is the record 
of this re-test, which is of the complete elastic recovery type, p. 523. 



Fio 7 


7. Conclusions . 

(1) Mild steel, of carbon content up to about 0 • 2 per cent., possesses the power 
of complete elastic recovery up to the maximum stress previously applied 
irrespective of the variations in structure brought about by different heat 
treatments and irrespective of its previous mechanical history. 

Thus all the tests numbered 1 to 10 m the Table gave records similar to 
B 8, fig. 2, with the exception of No. 7, test-piece H.28, which will 
be referred to again later. This low-carbon series includes steels m 
the pearlitic condition, quenched and re-heated sorbitic steels ; and 
one, No 8, tost-piece A 40, which had undergone severe mechanical 
cold-working during manufacture. 

(2) Steels of a higher carbon content, 0-3 per cent, to 0-7 per cent., possess 
this power of recovery to a more limited extent. Some of the steels in this 
category were found to have a considerable power of recovery and the elastic 
limit on re-testing was sometimes higher than the primitive elastic limit. Others 
showed no recovery at all. The two factors which appear to suppress, partially 
or even entirely, the power of elastic recovery are :— 

(a) The presence of an abnormal amount of phosphorus. 

For example, test No. 11 refers to a steel containing 0*30 per cent, carbon 
and 0*04 per cent, phosphorus. This steel recovered completely. 
Test No. 13 was made on a steel of similar carbon content and heat- 
treatment, but which contained 0*10 per cent, phosphorus. This 
steel did not recover. Comparison of tests Nos. 19 with 17 and 21 
with 26 gives similar results. 
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The inference is that phosphorus m excess of the amount usually permitted 
in steel specifications not only produces the condition of “ cold-shortness ” 
but may have even more serious effects when the material has to withstand 
a senes of reputed loads. 

(6) The change produced by quenching followed by re-heating to about 
600° C. 

An example of this is steel No. 3A containing 0*60 per cent, carbon. 
Test No. 19 in the Table was made after annealing at 900° C. The 
rc-test showed a considerable degree of elastic recovery. Test No. 
20 relates to the same steel after a double heat-treatment. In this 
condition there was absolutely no elastic recovery. 

Tests Nos. 35 and 36 on a steel containing 2-2 pr cent, nickel and tests 
Nos. 39 and 40 on a similar steel containing 4*6 per cent, nickel give 
similar results. 

Tests Nos. 43 to 48 refer to nickel-chrome steels. These show the same 
change in the power of elastic recovery with the different heat-treat¬ 
ments. 

In general, the results of the present tests show that annealing at 900° C. 
develops the maximum pwer of elastic recovery in a steel, whereas quenching 
and re-heating reduces, and may pssibly entirely destroy, its self-healing 
proprty. 

A reasonable explanation is thus afforded for the apparently anomalous 
result of test No. 7, referred to m the previous paragraph. This is a low-carbon 
steel which might be expected to have a high degree of recoverability. But 
not only is the phosphorus content high, but the steel has been quenched and 
re-heated; and these two factors, operating in conjunction, appear to have 
sufficed to prevent any return to a condition of proprtional elasticity. 

(3) Carbon steels of eutectoid composition, 0*85 pr cent, carbon, have no 
pwer of recovery, whatever heat-treatment they have received. 

Test No. 30 refers to such a steel in the normal parhtic condition. Tests 
Nos. 31 and 32 were made on the same steel after it had been given 
prolonged annealing treatments to produce partial and complete 
divorce, with the parlite in the spheroidised condition. Tests Nos. 
33 and 34 relate to sorbitic eutectoid steel. In none of these cases 
was there any trace of elastic recovery observable. 





Smith and Howar d. _ Table of Results. Proc. Roy. Soc.> A, vol. 137. 
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(4) The recovery of proportional elasticity in overstrained steel at ordinary 
temperatures is not solely dependent on the length of the rest period. The 
power of elastic recovery is an inherent physical property of some steels. 
Others have no such power. Recovery, if it takes place at all, may be com¬ 
plete in the course of a few hours. In the case of steels which have not the 
power of recovery, a very prolonged rest has no effect in bringing about the 
change from non-proportional to proportional elasticity. 

The mild steel referred to in § 6 above underwent complete recovery m 
30 hours. In other cases re-testing after 14 days (test No. 25), 
18 days (tests Nos. 23 and 24), and 32 days (tests Nos. 49 and 50), 
showed complete recovery which probably occurred sooner. 

Some test-pieces were re-tested twice, onco after a rest of from 2 to 6 
months, and again after a further rest of 9 years (tests Nos. 27, 30, 
31, 32, 33, 30 and 40). In all these latter cases the re-tests furnished 
loops identical, load for load, with those recorded in the original 
tests 

(5) The power of recovery is unaffected by the condition of stress in the 
metal. A steel which is capable of recovering its elastic property will do so 
even if it is stressed during the rest period very nearly to its breaking stress. 

8. Table of Results . 

For the purpose of reference, data relating to the test-pieces, numerical 
values obtained in the tests, and remarks based on an examination of the 
re-test records are set out in the Table of Results. 

As regards composition, m addition to the caibon, phosphorus, nickel, and 
chromium, the steels were also analysed for sulphur, manganese and silicon, 
the amounts of which did not vary sufficiently from steel to steel to cause 
variations in the mechanical properties. 

Heat treatment.—The first temperature recorded in the column headed 
“ heat treatment ” is the temperature attamed at the end of the heating period, 
which was maintained constant for the period stated. 

The letter “Q” denotes immediate quenching m water. 

The letter “ F ” denotes cooling in and with the furnace. 

In the case of bars which were given a tempering or re-heatmg treatment, 
this is indicated in the Table m the same way. 

Stresses.—The values given in the Table of the yield-point were reckoned from 
the constant-load yield period and not on the peak load at the commencement 
of yielding as indicated in fig. 1, test-piece No. B.13. 

2 n 
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The maximum stress attained m the original test and also the stresses applied 
on re-testing were computed on the reduced cross-sectional area as measured 
after testing. 

Summary . 

When a metal test-piece is pulled beyond its primitive yield-point, its 
extension is partly plastic and partly non-proportionally elastic. Unloading 
and immediately re-loading causes the load-extension line to trace a loop of 
mechanical hysteresis. Bauschingcr first observed that a rest of 50 hours 
under no load at ordinary temperatures caused a recovery of proportional 
elasticity with a new elastic limit in some cases higher than the primitive limit. 

This paper records an investigation made to determine whether all steels 
possess this power of recovery to the same extent; whether Bauschinger’s 
50-liour rest is sufficient to develop the maximum recovery or if a longer period 
will result in a further raising of the elastic limit; and whether recovery is 
impeded by the imposition of stress during the rest period. 

About 50 different steely severely overstrained and rested for 9 years, were 
re-tested for elastic recovery, others were rested under stress before re-testing, 
and an investigation was made of the minimum time required for elastic 
recovery of mild steel. 

Test-records were made with the Dalby Autographic Load-extension Recorder 
and the disappearance or persistence of the hysteresis loops used as an indica¬ 
tion of the extent of recovery. The records are of three types: complete 
elastic recovery up to the load previously applied ; partial recovery; and total 
non-recovery. 

The steels examiued are classified on this basis and it is shown that com¬ 
position and the heat-treatment received influence the power of recovery. 
Some steels are inherently incapable of recovery and remain non-proportionally 
elastic even after 9 years. Mild steel recovers readily and records are given 
showing recovery progressing to completion in 30 hours. Recovery is 
unaffected if the metal is stressed during the rest period. 

The seven figures are reproduced from photographic records made with the 
Dalby instrument. 

This rescan h would not have been possible without Professor Dalby’s 
Autographic Load-extension Recorder, which enabled the large amount of 
testing to be carried out and recorded without undue expenditure of time. 
All the testing was done at the City and Guilds (Engineering) Collego with the 
equipment installed in the Engineering Laboratories. The authors are 
indebted to Professor Lander for his encouragement to engage in the work and 
for his permission to use the laboratory and apparatus. 
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On the Mass Rate of Reactions in Solids. 

By R 8. Bradley, J. Colvin, and J Hume, the University, Leeds. 

(Communicated by R. Whytlaw-Grray, F.R.S.—Received April 19,1932 ) 

In a previous paper, Hume and Colvin* showed that the mass rate of 
decomposition occurring m crystalline particles was a function of three 
quantities, namely, the rate of nucleation, the rate of linear propagation and 
the size and shape of the particle. For a study of the energetics of the roaction, 
the second of these quantities is of primary importance, so that special attention 
was directed to the derivation of this quantity, under such conditions that a 
knowledge of the nucleatLon rate was unnecessary. In the case of the de¬ 
hydration of certain salt hydrates m vacuo, f the rate of nucleation is so large 
that the entire surface of all the crystals is rapidly covered and the subsequent 
mass rate can be predicted from simple geometrical considerations On the 
other hand, if the rate of nucleation is not so large that this simplification can 
be made, then the whole course of the reaction will be determined by the 
progressive formation of nuclei as the reaction proceeds. 

In many cases it is possible by visual observation to obtain qualitative 
information as to the maimer of nucleation. For example, it might be found 
that decomposition proceeded from points on the surface or at the comers or 
edges of the crystals. The question can be treated generally if it is assumed 
that in a mass of crystalline particles the total number of points capable of 
becoming nucleation centres is « 0 and that each of these points has the same 
probability of becoming active At time t> let there be n t points still unaffected. 
Then the number of nuclei formed during the time interval dt is given by 
— dn t ~ kn t . dt, where k is a constant Hence n t = n Q e~ kt and the number of 
points where nucleation has occurred is n 0 (1 — e~ kt ) If the roaction spreads 
with a constant velocity u from the nuclei which are formed, the rate of the 
mass reaction will be given by 

dmjdt = r? 0 . f(k , t, u) 

The form of the function will depend on the shape of the crystalline particles 
and on the form of the advancing interface. In the sequel, an attempt is 
made to evaluate the effect of nucleation in the reactions 

CaC0 3 . GH a O —* CaC0 3 + 6H a O 
KHC 2 0 4 .JH 2 0 —> KHC 2 0 4 + £H 2 0. 

* 4 Phil. Mag vol. 8 , p. 589 (1929). 

t Hume and Colvin, ‘ Proc. Roy. Soc.,’ A, vol. 132, p. 548 (1931). 

2 N 2 
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The Decomposition of Calcium Carbonate Hexahydrate. 

In a previous investigation of the decomposition of calcium carbonate 
hexahydrate, Topley and Hume* were able to derive the linear rate from 
restricted regions of the percentage decomposition time curves. At the same 
time, the more or less protraoted induction period during which the velocity 
of decomposition increased, clearly indicated a relatively small rate of nucleus 
formation. For this reason, a reinvestigation of this reaction was desirable. 

Details of the mode of preparation of calcium carbonate hexahydrate and 
of the method of measuring the velocity of decomposition are to be found in 
previous papers *f Preliminary microscopic observations of the decom¬ 
position of various specimens under water were made in the hope that some 
information might be gained regarding the manner of nucleation. For this 
purpose the thin plates which predominate during the early stages of crystal¬ 
lisation are most convenient, not only because of their extreme transparency, 
but also because of the avoidance of excessive stabilisation by sugar decom¬ 
position products, which results if the crystals are exposed for too long a time 
to the mother liquor, Topley and Hume (i loc . cit.). It was observed that, after 
the lapse of time, a slight cloudiness spread over the surface of the crystals, 
spreading being completed in less than a minute. No further change was 
then appreciable for some time in the crystal itself, but in the water around it 
appeared small dots which later grew and showed themselves to be crystals 
of calcite. Finally the cloudy crystal, which had become more and more 
attenuated in thickness, disappeared completely 

The fact that the crystal did not appear to dimmish m length or breadth 
indicates either that nucleation docs not spread to the narrow faces parallel 
to the microscope axis or, more probably, that the interface proceeding from 
the upper and lower faces has completely traversed the thin crystal before 
spreading from the vertical faces has occurred to a noticeable extent. The 
observation that the cloudiness did not increase during the reaction admits of 
several explanations. 

(1) The reaction proceeds by solution of the hexahydrate and crystallisation 
of calcite. This hypothesis is untenable m view of the microscopic observation 
that the incidence of cloudiness, so far as one can judge, obeys a probability 
law, instead of occurring simultaneously in all the crystals. 

* ‘ Proo. Roy. Soo./ A, vol. 120, p. 211 (1028). 
t Hume and Topley, * Proo. Leeds Phil. Soo.,’ vol. 1, p. 169 (1027). 
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(2) The reaction proceeds by liberation of the six molecules of water from 
the hexahydrate lattice at the interface. A reasonable explanation of this 
mechanism is that in the lattice a calcium ion, a water molecule and a carbonate 
ion attam, by vibration, positions which enable the calcium and carbonate 
ions to combine to form a molecule of calcium carbonate, whereupon the six 
molecules of water surrounding the calcium ion are liberated. This results 
in the formation of adsorbed calcium carbonate molecules as the first formed 
layer of decomposition product, which presumably promotes the decomposition 
of the next layer of hexahydrate. As the calcium carbonate molecules become 
more remote from the interface by the progress of the reaction the forces 
of adsorption are weakened and allow aggregation to finely divided crystalline 
calcite, which subsequently either dissolves or becomes detached from the 
parent crystal Thus no pseudomorph of the original crystal remains. 

As a consequence of the views outlined above, an expression for the mass rate 
of reaction can be derived as follows Let there be w 0 crystals of uniform size 
and shape, thin plates of thickness 0, with upper and lower parallel faces of 
area A. It is assumed that nuelcation occurs simultaneously on the upper 
and lower faces of a crystal and that the time interval from the incidence of 
nuelcation until the whole face is involved is negligible Even if nuelcation 
spreads to or occurs on the vertical faces, the effect can be minimised by using 
crystals of such dimensions that the area of the parallel major faces is great 
compared with the total area of the other faces, The reaction then proceeds 
by the movement of the interface with linear velocity u in a direction per¬ 
pendicular to the major faces. The number of crystals nucleated at time t 
from the start of the reaction m the interval dt is Jc. n 0 e ~ kl . dt . Now consider 
a crystal which nucleated at time t from the start. At time t % the volume of 
resultant (dv) produced from this particle will be given by 

dv = 2A. u . (t % — t) t 

and thus for the n t particles nucleated at time t , 

dV « 2A . u . « 0 • * (<2 “ 0 ^ 

Hence the total volume decomposed (V t ) at time will be given by the equation 

V, = 2A .u.n 0 .k f h (t 2 -t)e- ki d1 
Jo 

2A . w. n 0 . (f, + 


e~ u ‘ — 1 
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But the fractional decomposition = 



, hence 


a i.= 



(I) 


Equation (1) js valid until time t t — 0/2w, when a crystal which nucleated at 
zero time will bo completely decomposed. After this time the values given 
by the equation will be in excess of the true values, the excess at time t z (greater 
than 0/2u) being equal to the decomposition occurring in the time interval 


t.e., the excess equals 



,_0 

_ 0 e~* (**~ S») — l 'i 

2m k ) 


Thus the fractional decomposition at time ( a will be given by 
iu/, , 2i>/, 6 , 

6 l‘*+ ——) - ?('*- £ + ~ - - ) 

hB 

_ 2uT 0 . e~ u * (1 — 

” 0l2« k J’ 


or 


o 4 , u 

— 1 = ^(i — 


(II) 


Equation (II) is applicable only at times greater than 0/2 u. 


Experimental 

Crystals of calcium carbonate hexahydrate were prepared by saturating 
Iimo-sucrose solution with carbon dioxide. About 36 hours after carbonation 
the crystals had attained a suitable form and were then washed and sized by 
falling through ice-cold water. Duplicate measurements of the rate of 
decomposition at two temperatures were then made dilatometrically. The 
thermostats were maintained at 7'07° and at 10*07° by means of a stream of 
water cooled by an Electrolux refrigerator unit. The mean thickness (0 = 
0*0005 cm.) of the crystals was measured microscopically. The results are 
given in Table I. 
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Run 1 at 7 07°. 

Run 2 at 7 07 u . 

Run 3 at 10 07° 

Run 4 at 10*07°. 

t in mm*. 

100 a 

i In mins 

100 a 

t m mins j 

100 a. 

t in mins. 1 

100 a. 

0 

0 00 

0 

0 00 

0 

0 00 

0 

0 00 

30 

1 87 

40 

1 76 

27 

1 36 

22 

1*64 

59 

3 49 

80 

5 61 

37 

2 86 

32 

3 20 

89 

6-63 

110 

9*22 

57 

7 20 

52 

7 13 

109 

8-92 

150 

14 73 

77 

12 84 

72 

12 46 

149 

14*16 

190 

21*44 

97 

20 92 

92 

20*41 

209 

24*28 

220 

27 25 

117 

31 05 

112 

30 66 

254 

33 67 

255 

35 22 

137 

42 74 

132 

42 54 

290 

42*17 

291 

44 31 

167 

64 63 

102 

59 91 

330 

52 41 

331 

54 62 

167 

60 39 

182 

70*49 

363 

60*91 

364 

63 37 

187 

70 05 

202 

78 59 

400 

69 88 

401 

72 36 

207 

78 81 

212 

81 96 

451 

80 54 

452 

82 49 

249 

89 61 

242 

89 23 

529 

90-72 

530 

91*68 

281 

93 76 

276 

93 60 

559 

95*13 

600 

95*52 

331 

97 14 

310 

96 54 

00 

100 00 

00 

100 00 

Qfi 

100 00 

QO 

100 00 


Discussion 


Derivation of k, the Nudeation Constant —Equation (II), applicable at times 
greater than 0/2 u may be written 


where 

so that 


Oil if 

Io gio (* — = logio — 0-4343 & 8 , 


i.e., log 10 (1 — is a linear function of f a . 

Fig. 1 shows the graph log 10 (I — a*,) against t z for run 4. In every case 
an equally satisfactory line is obtained, whose slope gives directly the value 
of jfc, the nucleation constant. Prior to t z the linear relationship breaks down, 
so that the value of 0/2w can thus be approximately determined. 

Derivation of u, tie Linear Rale .—Having obtained the value of k t equation (I) 
can be used to derive values of u, the linear rate of propagation. Unfortunately, 
in all solid reactions uncertainty exists as to the true zero time, which may not 
coincide with the apparent experimental zero. Let t 9 = t % — t oht , where 
Jot* is the time of observation from the experimental zero. On substitution, 
equation (I) becomes 


2u 

0 


* 01 * + t* + 


6 — 1 



536 


R. S. Bradley, J. Colvin and J. Hume. 


The zero correction in this case is made by altering the time reference point 
on the assumption that the whole of the volume change has been observed 
experimentally. If, on the other hand, reaction had begun before the initial 
observation it would have been necessary to use the method employed m the 
latter part of this paper. The introduction of t e does not invalidate the above 
calculation of k. By taking two points on the experimental curve representing 
the fractional decomposition plotted against time of observation, values for 



Fig 1. 


t c y 2«/0 and hence 0/2iz can be obtained by graphical solution Thence values 
of a, the fractional decomposition, can be calculated for any time and compared 
with the experimental values. Fig. 2, which is typical of the results obtained, 
shows this comparison for run 1. The agreement between the experimental 
and the theoretical curves is very good except in the early stages. This small 
discrepancy is due to the assumption that nucleation once begun spreads 
instantaneously over the surface of a single crystal. The results are summarised 
in Table II. 


Table II. 


Run No. 

Temperature 

*C. 

-U 

2uf9 x 10® 

k x 10* 

u X 10» 

in mins. 

min. -1 . 

min. -1 . 

om.mln. -1 . 

1 

7 07 

26 0 

2-54 

9*69 

6 36 

2 

7-07 

26 4 

2*58 

0*80 

6*48 

3 

10 07 

223 

6-65 

17-4 

10*02 

4 

10 07 

15 8 

0*50 

i 

16*8 

10*26 
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From these values the energies of activation E u and E fc are respectively 
49,500 calories and 29,300 calories. The former value is discrepant from that 
given by Topley and Hume, namely 38,000 calories. Since the values have 
been derived by different methods, detailed consideration of their relationship 
will be published elsewhere. It is intended to make a further study of the 
energy of activation over a wider range of temperature. 



O = Expei lmcntal Point. 
ContmuouH Line Theoretic al Curve 


The Decomposition of Potassium Hydrogen Oxalate Hemihydrate .—Hume and 
Colvin* showed that a mass of crystals of potassium hydrogen oxalate hemi¬ 
hydrate decomposes according to a sigmoid curve and analysed the lost part 
of the curve by assuming that the march of the interface across the crystal 
corresponded to a contracting circle. In this way they obtained a value for 
the linear velocity of the interface in agreement with the observed values for 
single crystals. In this section the first part of the curve will be analysed 
allowing for the nucleation rate. 

As nucleation nearly always proceeds at the crystal boundary the possibility 
* ‘ ftoc. Roy. Soc.,’ A, vol. 126, p. 636 (1929). 
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arises that the nucleation rate is proportional to the perimeter of the 
undecomposed part of the crystal. This leads to a definite result as follows. 

For a single crystal let the initial perimeter available for nucleation be 1$. 
The perimeter at time t , the initial number of points available for nucleation 
» 0 and the number unaffected at time f, n t . Then the number of points at 
which reaction has started at time t is (n 0 — »<). Let u be the mean velocity 
of the interface. The properties of the crystal chosen are, of course, a mean of 
those of the mass ; in other words, equations referring to one crystal on multi¬ 
plication by the total number of crystals refer to a perimeter length equal to 
the total length and an area equal to the total area. In this way fractional 
nucleation for a single crystal becomes intelligible. 

dn 

On the above assumption- - = ld i9 where k is the nucleation constant. 

at 

Assume that semicircles of resultant spread out from each nucleus. During 
an interval dt the radius of the semicircular area round each nucleus increases 
by u .dt, and consequently the length of crystal perimeter available for 
nucleation decreases by 2 u . dt. Hence 

= («„-»,)«. 

During this interval <ft, — dn t nuclei have been formed, but the effect of these on 
the perimeter is of the second order and therefore negligible. Hence 

~w + 2k * w ° ~ w= °> 


n 0 — n t — Z 0 (— j sm {(2&u)* Z}, 

since n 0 — n t = 0 when l = 0 and (— = — jfcZ 0 . Those nuclei formed 

\ dt !t - o 

dn 

between t and t + dt, — -* dt in number, will have produced an area of resul- 
dt 

j 

tant equal to — £tcu 8 (t x — *) 8 — . dt at the time Z* (t, > t). Hence the area of 

at 

resultant at any time t x is 

[ J7cw 2 (t x — Z) 8 kl 0 cos {(2fcu)* Z} . dt. 


The fractional decomposition is obtained by dividing this result by the area 
of the crystal. On performing the integration, the fractional decomposition 
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is found to be proportional to sin {(2k . u) *t}. This does not accord with the 
experimental results and another basis must be found for the theory. 

In the above treatment of nuclcation the emphasis has been laid on the 
crystal edges. There are, however, three systems of points capable of develop¬ 
ing nuclei, the lattice points of the plane faces, those along the edges and those 
at the comers. The activation energies of the nucleation rates for these three 
systems may be so different that only one system contributes appreciably to 
tho reaction. At the comers the asymmetry is greatest and the greatest 
nucleation rate would be expected. 

Let there be on the average n 0 points per crystal capable of becoming 
nucleation centres. At time t let there be n t points still unaffected. Then the 
number of nuclei formed during the interval dt is — dn t = k . n t dt, where k 
is the nucleation constant. Hence n t = » 0 e~ w . Suppose that from each point 
the sector of a circle spreads out. The average angle of the sector will be 

(1 — •—] if the points are comers. 

\ v 

Then, as before, the area of the resultant formed at any time t x is 


or 



A zero correction must be applied w the following way. Let the experimental 
zero be t 6 seconds after the true zero, and let the time t ob * become i % referred 
to the true zero, or t % = t 0 b* + t c . At t e the area of resultant is 

£ J nkny (l -1) e~ u (t, -l) 1 . dt. 

At t % the area of resultant is 

f ^dfcn 0 u 2 (l — — )e~ kt (t z — t) t .dt. 

Jo x n 0 < 

The difference gives the increase in area between and t v ix , during the 
observation time t oht . With the above value of t % this difference is given by 

- T = + »». ('< -1) + TT ). 
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If A 0 is the area of the crystal, the fractional decomposition observed is obtained 
by dividing A ( by 

A 0 — f ' (l — — ) (< 0 — <)* dt. 

J 0 ' Wq 

It was found that the observed values of the fractional decomposition could be 
fitted to a curve of the above type m which the last term is omitted. With 
2(t c — l/k) = 1800 seconds the effect of the last term is negligible. This is 
shown on the graph, fig. 3, where the fractional decomposition read off from 



the smoothed curve A in fig. 4 of Hume and Colvin’s paper (foe. cit<) is plotted 
against <* obB + 2^ obB (t c — 1 /&)• A straight lme is obtained up to 35 per cent, 
decomposition, and the lme passes as it should through the origin. Above 35 
per cent, decomposition the areas of resultant meet one another or reach the 
opposite side of the crystal. 

The area A 0 is given by Hume and Colvin as 1 *04 X 10” 8 cm.*. The cor¬ 
rection to A^ is only about 2 per cent. From the graph we find that 



is 2*55 X 10~ 8 . This gives the following values for ti: n 0 = 6,« = 2*0 X 10“ 6 
cm. sec.' 1 ; n 0 — 5, u = 2*4 X 10~ 6 cm. sec.” 1 ; n<> = 4, u — 2*9 X 10~ e 
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cm. sec. -1 . The experimental mean velocity is 2*72 X 1CT 4 cm sec. -1 . 
Hence n 0 lies between 4 and 5, a reasonable value. 


Summary 

An analysis has been made of the form of the mass decomposition curves 
encountered m the dehydration of salt hydrates, with a view to evaluat ing 
the effect of progressive nucleation. The method has been applied to thp 
reactions, 

CaCO, . 6H 2 0- CaCO a + 6H a O 
KHC,0 4 . iH a O-> KHC,0 4 + iH 2 0 

The authors wish to express their thanks to Mr. F. J. Garrick for helpful 
discussion of the manuscript, and to the Government Grant Co mmi ttee of the 
Royal Society for a grant to one of us (.1 H ) for the purchase of apparatus 
used in this work. 


The Nuclear Spin of Arsenic. 

By S. Tolansky, B.Sc., Ph.D.* (Physikalisch-Technische Reichsanstalt, 

Berhn-Charlottenburg). 

(Communicated by A. Fowler, F.R.S.—Received April 21, 1932 ) 
Introduction . 

No fine structure has yet been recorded in any of the lines of the spectra of 
arsenic. The present paper gives an account of the fine structures of the 
majority of the visible lines of As II. This spectrum is very rich m strong 
lines and has been observed here in the region XX 6400-4300 with high resolving 
power. The gross structure multiplet analysis of As II has been made by 
K. R. Rao,f and the fine structure observations recorded here support this 
analysis. The terms expected and found in this spectrum are shown in 
Table I. 

* Karl Grey Memorial Fellow, Armstrong College, Newcastle. 

t K. R. Rao, unpublished data; also A. S. Rao, ' Proo. Phys Soc., 1 vol. 44, p. 343 
(1932). 
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Table I. 


Electron configurations. 


Terms. 


4s*. 4p 9 
4s*. 4 p.te 
4s*. 4p. 5 p 
4«* . 4 p. 4 d 
etc. 


J S 

J (S P D) 
J (P D F) 


J D »P 

•P 

*(S P D) 
*(P D F) 


All lines involving the 4s 2 .4 p 1 configuration ho in the deep ultra-violet 
region; therefore this configuration will be disregarded in the present investi¬ 
gation. According to the vector coupling scheme of White and Ritsobl* it 
will be expected that the 4a 2 . 4p . 55 configuration will show wide hyperfine 
structure separations, since it involves an unpaired penetrating s electron; 
this is actually verified here with some modification. As the 4« a . 4p. 5p 
configuration has no penetratmg s electron, only narrow structures are to be 
expected, but this, however, is not observed, since structures occur in this 
configuration which are of the same order as those found in the previous case. 
This has important theoretical significance and will be discussed later. The 
intervals m the 4s 2 .4p . 5s triplet terms which are 3 P 0 — 3 P 1 — 397 cm.' 1 and 
3 P 1 — 8 P a = 2382 cm *" 1 show that the electron coupling is by no means pure 
(LS) since the interval ratio deviates widely from the Land6 interval rule. 
In the 4s 2 4p. 5p and m the is 2 .4p 2 terms the deviations are much less 
marked. This incomplete (LS) coupling affects the structure and will be 
considered later. 

Experimental. 

In order to reduce the Doppler and Stark widths of the lines, an attempt 
was made to produce the As II spectrum m a hollow cathode tube cooled with 
liquid air. The efficiency of this tube depends upon the sputtering action of 
the positive rays striking the material to be investigated, which lies in a cooled 
hollow cathode. If the material does not sputter easily then the source is 
weak and of little use. The sputtering increases with increase in mass of the 
positive rays, so that tho heavier the gas used the more efficient in general is 
the tube. Helium, neon and argon were employed m turn, and in each case 
the pure gas was continuously circulated through the tubo at a pressure of 
about a millimetre. The lines of the As II spectrum were indeed obtained, 
but so faintly as to be quite useless for observational purposes. Water cooling 


* 4 Phya. Rev.,* vol. 35, p. 1146 (1930). 
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instead of liquid air cooling gave very little increase in intensity since the vapour 
pressure of the arsenic is still very low at 20° C. It appears that arsenic is 
very difficult to sputter.* 

A different source was tried and this time very successfully. The tube was 
a simple quartz Qeissler-tube with thick iron rods as electrodes sealed in with 
hard vacuum sealing wax, fig. 1. The tops of the electrodes were completely 
covered with powdered arsenic. Pure helium was circulated continuously 
through the tube at a pressure of 1 mm. and the tube was excited by means of 
a transformer, a small current being used. 

The observations were carried out end-on, 
the window being kept clear by means of 
a minute flame. A little arsenic was dis¬ 
tilled into the capillary, which was 4X2 
mm., being oval in section for maximum 
efficiency on the spectroscope slit, and on 
starting the discharge a very rich strong 
As II spectrum was emitted. The capillary 
was at a lower temperature than 100° C. 
and the lines emitted were surprisingly 
sharp. No doubt this is due to helium 
being the main carrier of the current, and also in part to the rapid flow of the 
gas helping to cool the arsenic vapour in the capillary. 

The lines were examined for fine structure with a silvered Fabry-Perot 
interferometer having plate separations varying regularly from 5 to 25 mm. 
A largo Zeiss three-pnsm spectrograph was used for preliminary dispersion, 
the interferometer being placed in the parallel beam Agfa Andresa, Perutz 
Persenso and Ilford Soft Gradation Panchromatic plateR were used and 
exposure times varied from 10 minutes to 2 hours. Each lmc was measured 
with at least two different separations of the interferometer plates, and except 
m the faintest poorly resolved components, the agreement was always good. 

The wave-lengths and intensities of the lines observed agree with those given 
by Kayser.f From the viewpomt of fine structure, the lines can be divided 
into four broad classes, shown in Tables II and III. The lines m the upper 
part of Table II are quite single, showing no trace of structure even with a 

* In this connection it is of interest to note that Dr. Badami, who is working heic with 
antimony, has found the same difficulty. Antimony u, of course, very closely related to 
arsenic. 

t “ Handbuoh der Spektroekopie,” vol. 7. 
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high resolving power approaching 2} millions. On the other hand, the lines 
in the lower part show a quite distinct broadening indicative of a very narrow 
structure which it is impossible to resolve. 

Table 11. 


YVave-length. | 

Intensity , 

Allocation. 

0402 0 i 

3 ' 

6338 2 i 

5 1 

0837 V) 

2 [ 

5496 8 

20 

5363-5 

3 1 

5196 2 

2 

5141 0 

s 5 1 

5121 3 

1 5 

4888 5 

1 6 

4/) 5a . *P 0 —4p . 5p . 1 P 1 

4799 4 

: r> [ 

4543 6 

12 

| 

4494 4 

20 


4466 5 

20 

i 

4458 7 

20 


4447 6 

8 


4431 7 

10 


4427 2 

8 


4412 3 

15 


4316 6 

15 


4242 4 

15 

1 

1 

6110 3 

6 

i 4p 5a 1 P,—4p.5p l Pj 

5451 3 

3 


5130 8 

5 


4707 7 

5 

4p . 5a . 'P,—4p. 5p. l S 0 

4602 5 

10 


4590-8 

13 


4539 9* 

10 


4437 6 

30 


4421-0* 

15 



* Y T ery broad 


Table III gives the list of lines in which structure has been measured, and 
these are of two lands, namely, regular senes degrading to the violet in both 
intensity and interval, and lines which show a general complex structure. 
The regular series lines are indicated by an asterisk. The line X 6022-6 shows 
a perfectly regular senes triplet, but along with X 4649-0 is an exception m 
that it degrades to the red and not to the violet, a fact which is in complete 
accord with the analysis given later. The visually estimated intensities are 
given m brackets below each component and the reliability of the observations 
indicated by a remark in the last column. The poor lines are due either to the 
Btnicture being very narrow or else because of the fact that the line in question 
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Table III.—As II Lines with Fine Structure. 


Wave¬ 

length. 

Int. 

| Structure. 

i 

Allocation. 

Remarks, 

6170-0 

10 

118 

(5) 

0 

(20) 

78 

(2) 

124 

<»» 

201 
( 15) 

1 

+ 

1 

4p . 6s . , P l —4 p . 5 p . *13! 

Good. 

6022-0* 

8 

168 

(1) 

120 

(2) 

0 

(3) 

+ 



ip. 6*. *P,-4p. Bp. *D, 

Good. 

5657 0* 

1 

0 

(*) 

117 

(3) 

100 

(2) 

220 

(1) 

4- 


4p. 6*. s P,-4p. Bp.‘P, 

Medium. 

5651 3* 

20 

1 

0 

(3) 

74 

(2) 

112 

(1) 

4- 




Poor. 

5558 1 

20 

80 

W 

0 

(20) 

37 

(6) 

112 

(10) 

108 

(6) 

+ 

4p.6s *P 2 — 4p . 6p . *Dg 

Good. 

6331*3* 

10 

0 

(3) 

88 

(2) 

119 

(1) 

+ 



ip. 6s *P,-4p.6p.»F, 

Poor. 

5231 4* 

0 

0 

<3> 

197 

(2) 

320 

(1) 

-h 




Good. 

6107 0 

10 

0 

(1) 

41 

U) 

+ 




4p . 6s . ^-ip . 6p . l X> t 

Poor. 

5105 5 

10 

0 

(3) 

90 

(1) 

144 

(2) 

171 

(2) 



4p . 5d . 4p. 5p . 

Poor. 

4085-4* 

5 

0 

(3) 

194 

(2) 

311 

(1) 

+ 



4 p.6s. •P 1 -4 p . 6p . l Pj 

Good. 

4730 6* 

8 

0 

(3) 

139 

(2) 

230 

(1) 

+ 



4p.5*.»P l -4p.5p.»P 1 

Good. 

4562-2* 

4 

‘ 0 
(3) 

171 

(2) 

261 

(1) 

+ 



4p . 5s . *P 4 -4 p . 6p . ^ 

Medium. 

4552-2* 

4 

0 

'3) 

171 

(2) 

261 

U) 

+ 



4p . 5s . *P X —4p 

Medium. 

4049 0* 

30 

127 

(1) 

82 

(2) 

0 

(3) 

+ 




Poor. 

4413 6* 

25 

0 

(3) 

70 

(2) 

127 

(1) 

+ 




Poor. 

! 

4340 4* 

1 15 

i 

0 

(4) 

276 

(3) 

013 

(2) 

006 

(1) 

+ 


| 

Good. 

4336-0* 

15 

0 

(4) 

160 

(3) 

274 

(2) 

321 

(1) 

+ 


i 

1 

Medium, 


* Regular degraded senes. 


lies in a region unfavourable for a silvered interferometer. In the table the 
strongest component of each line is made the null line and the separations of 
the rest are given in cm. -1 X 10~ s . In the good lines the separations are 

2 o 
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probably accurate to about 1 or 2 unitB and m the worst to about 10 units, 
the latter figure holding only for the very badly resolved components. The 
line allocations are those given by Rao. 

Analysis of the Structures. 

The analysis is simplified by the fact that arsenic only possesses one isotope, 
namely 75, so that no isotopic complications arc at all possible. Two separate 
methods of analysis are employed, according to the nature of the line in 
question. The first method is used for a complex Imc that is well resolved. 
Such a line is, of course, a tiny raultiplct and is simply analysed by means of 
constant differences in the usual manner, giving both upper and lower term fine 
structures. The gross structure transitions of the lines measured are shown 
m fig. 2 and it is seen that most of the terms involve more than one line, so 
that a check on the analysis is often possible. 



The second method of analysis is that proposed by Fisher and Goudsmit* 
and has been used successfully by the author in analysing the fine structures 
in the bromine and iodme arc spectra. For this method the nuclear spin and 
the J values of upper and lower terms must all be known. It is briefly lllus- 


* *Phys. Rev.,' vol. 37, p. 1047 (1931). 
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trated in fig. 3 for the case of . 6s . *P 1 —4j> . 5p . 8 P ls the nuclear spin 
being taken as }. It is assumed that the interval rule holds exactly in the 
term fine structures, that is to say, the interval between two terms with fine 
structure quantum numbers / and f + l \& A(/ + 1) where A is the interval 
factor and is a constant for any given gross multiplet term. The value of A 
depends primarily upon the coupling between the optical electron and the 
nuclear spin, and being different in upper and lower terms produces the complex 
fine structure patterns usually met with. The graph is built up as follows. 
Both upper and lower terms are given the same interval factor and the resulting 
line complex plotted as points along the line AB, which is therefore the line 
structure observed when the ratio of upper to lower interval factor is +1. 
The upper term is then inverted, retaining, however, the same value of A, and 
the line complex now formed by all the possible transitions is plotted at EF, 
which therefore shows the structure when the ratio of the upper to lower 
interval factors is —1. The corresponding transitions in AB and EF are 
then joined by lines, which for clarity are drawn with thickness roughly pro¬ 
portional to the intensities of the lines concerned. The selection rule employed 
is, of course, A/ = ± 1 (0 -+ 0 excluded), and the absolute intensities of the 
components are calculated from the formulas given by Hill.* 

A horizontal line drawn at any particular point between AE gives the 
appearance of the structure for that particular ratio of the upper to lower 
interval factors. Thus at CD, the exact centre of AE, the upper term structure 
is zero and the resulting line pattern is a sharp triplet degrading to the violet, 
and in which the interval rule is exactly obeyed. The graph is particularly 
useful in the case when the upper factor is small compared with the lower. 
In this case the line still appears as a fairly sharp triplet, and in order to fit 
such a lme into the graph, the following is employed Through each of the 
centre points on CD dotted lines are drawn along the optical centres of gravity 
of the lines coming to that point, and it is seen that for a fair distance on either 
side of CD the line complex appears as a triplet, the lines becoming broader 
and the intervals altering as AB or EF is approached. The observed line is 
found to fit only one horizontal position and this position gives the values of 
both upper and lower interval factors. If the ratio of the factors is not very 
large, t.e., the horizontal line is a good distance from CD, then other centre of 
gravity lines have to be constructed. Below the graph in fig. 3 are shown at 
(a) the predicted pattern of the line considered, for an upper to lower ratio 


* * Proc. Nat. Acad. Soi. Waah.,’ vol. 16, p. 68 (1830). 


2 o 2 



548 


S. Tolansky. 


of 100:17. At (b) is the xesulting triplet which is all that can be experi* 
mentally observed because of resolving power difficulties, whilst (c) Bhows the 
triplet observed. There is very good agreement both in intervals and in 
intensities. 

The detailed analyses of individual lines will now be considered. The sharp 
regular series triplets and quartets show the number of fine structure com¬ 
ponents in one of the terms of the line concerned, usually the 4 p . 5 s term. 



pmdidjtd . I I . I 1 II 


qixLfJiuui l 
rmiUtunt 139 67 


observed 


(a) 


( 6 ) 


(C) 


Fig 3. —Graphical method of analysis. Structure of X 4730 -0 ip , 5* . t P 1 — 4p . bp . 8 P t . 


since a sharp regular series can only arise when the structure in one term is 
relatively small compared with that in the other. The maximum series 
observed is a quartet, this being clearly shown by three lines, only one of which, 
however, has been allocated. Since the term multiplicity is 21 + 1 or 2J + 1 
according to which is the smaller, then I must be $ in order to account for the 
quartet lines. The allocated quartet is 4p. 5*. S P 8 —4p. 6 p . 1 P 1 , which 
would give a quintet if I were greater than j, and it is probable that the strongest 
of the unallocated quartets has a J value of three. It will be shown later 


Nuclear Spin of Arsenic. 549 

that the intervals in the term 4p. 5s. a P 1 strongly support the value of J 
for I. 

The lines will now be considered in the order convenient for analysis. 

X6022-6. 4p.5s.*P 0 -4p.5p. 8 D 1 . 

This line is a well-resolved very sharp regular triplet degraded to the red. 
The lower term having a J value of zero remains single (2 J + 1 = 1) so that 
the triplet line structure is identical with the term structure of 4p . 5p. *0^ 
Since this term has a J value of 1 a triplet is predicted, as observed. The 
term and line structure are shown in fig. 4, a. 

X 4888-5. ip . 5s. a P 0 —4p . 5p . X P V 

This line is quite sharp, showing no trace of structure even with 2J millions 
resolving power. As the lower term is single (J = 0), it follows that the 
structure in the upper term must bo very minute and not at all observable. 

X 4986-4. ip .58. ip . 5p . 1 P 1 . 

This is an extremely sharp regular triplet degrading to the violet. The 
absence of structure in the previous lme shows that the upper term has 
practically no structure, hence it follows that, as in the first line considered, 
the line structure gives a term structure, the term in this case being ip . 5s . 8 P X , 
fig. 4, b .+ 

X 6170-6. 4p. 5s . 3 P 1 —4 p . 5 p . 8 D X . 

A complex line showing five components. Becauso t he structures of the 
4p. 5s. 8 P X and 4p. 5p . z D l terms have both been obtained from previous 
lines, it is possible to predict the fine structure of this line, and this is shown in 
fig. 4, c. Owing to the fact that the upper interval 120 is so close to the lower 
interval 117, the lines £ -► j and J fall practically on top of one another. 
Similarly, since the sum of the upper intervals is 198, and as one of the lower 
intervals is 194, then f -*■ $ and \ * also superpose. The respective intensities 
of these pairs have been summed in forming the predicted pattern and, as seen 
in the diagram, the observational agreement both as to intensities and intervals 
is remarkably exact. This exact agreement confirms both the analysis of 
the previously discussed terms and also indicates the reliability of the gross 
structure multiplet allocations. 

* In a preliminary note to * Nature * (vol. 129, p. 652 (1932) ) on the nuolear spin of 
anenio, the allocation of this line was mistakenly given as 4p . 5s . *Pj—4p . 5 P • *Pj* This 
error has no effect on the conclusions there stated. 
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X 4730*6. 4p. 5s. *P ^ip . 5 p . 3 P a . 

This is a regular triplet fairly well resolved, but in a region where maximum 
resolution is not attainable, so that the separation of the last pair of components 
is not as good as that of the first pair. The line fits mto its graph at a ratio of 
lower to upper interval factor of 100.17, fig. 3. The observed intervals are 
139, 91 and those predicted 139, 87, which is very good agreement. Of 
course,the line is adjusted in the graph to make the first predicted and observed 
intervals equal. In this line there is a check on the graph since the structure 
of the ip . 5s . 3 P 2 term is already known. Assuming the interval rule holds 
in the upper term, then the term structure of 4p . 5p . 3 P a is thus also obtamed 
from this line. 

X 4552-2. 4/>.5s *Y x -ip . bp . *S X . 

The present lme is similar to the previous line and was also analysed graphi¬ 
cally. The observed pattern us 171, 90, and a ratio of 4 :1 gives 171, 99, which 
is good considering the fact that the tail end of the triplet is not well resolved. 
The ratio values obtained in this and the previous lines arc not affected by the 
lack of resolution since they are really obtained from the first more accurate 
interval. The predicted, resultant observable, and the actually observed 
patterns are shown m fig 6, a. 

X 5558*1. 4p . 55 . ^-4^ . Bp . 3 1) 2 . 

This lme is complex, showing five components, and, as the structure of the 
lower term is already determined, that of the upper can be calculated even 
although the resolution is incomplete. Both methods of analysis can be used, 
and assuming that the interval rule holds in the upper term the structure shown 
m fig. 5, a, is obtamed. This gives the resultant pattern, fig. 5, 6, the observed 
pattern being shown at fig. 5, c. The agreement is quite good, although the 
very weak component J 4 was missed. The middle observed component 
(intensity 5) is somewhat displaced from the predicted position, but since it 
lies asymmetrically between two strong lines it is not completely resolved 
from the stronger. 

X 5657-0. ip. 5s. 3 P a -4 p . bp . x P a . 

This is a regular quartet degraded to the violet, the lines being sharp. The 
last two components are quite clearly resolved, but rather too close for accurate 
measurement. Previous data have shown that the upper term has a negligible 
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structure, therefore the line structure should be the term structure of 4p . 5«. 8 P a . 
This being so, the interval rule should hold. The observed intervals are 
117, 78, 30, the error in the first two being ± 4 units and that in the last much 
more. If the Land6 rule holds exactly, the intervals should be 117, 83, BO. 
The first two agree reasonably well, so that it is fairly safe to assume that in 

4 p 5$ terms the interval rule is valid, and 
that the latter values give the actual struc¬ 
ture of the term. The term and line 
structures are shown m fig. 6, b. 

X 5331-3. ip . 5s . 3 P a -4j). 5p . 3 P 9 . 

Since the lower term structure, which is 
given above, is only medium, and as in this 
particular case the upper term has also a 
reasonably wide structure, as deduced from 
X 4730 *6, the line is therefore complex, 
narrow and very difficult indeed to resolve. 
It was observed as a poor triplet, the com¬ 
ponents bemg both broad and badly re¬ 
solved. The resultant predicted pattern 
and that observed are Bhown in fig. 6, c, 
and the bad agreement is no doubt entirely 
due to lack of resolution. The lino at least 
does not contradict any previous analysis, 
since it is predicted to be complex. 

X 5105'5. ip .5s. 3 P a — ip . 5 p. *8 V 

Like the previous line, this is also a 
badly resolved very unreliable group. Both 
the upper and lower structures have been deduced from other lines so that 
the line structure can be built up. Fig. 6, d, shows the result, and it is seen 
that agreement is poor. 

X 6110-3. 4p . 5s . l P x -ip . 5 p. l P v 

This line is single, showing a slight broadening to the red, which is just 
noticeable. As the upper term is known to be narrow the lower term must 
also be the same, but since the line degrades to the red, then this lower term 
structure is inverted. 
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X 4707 -7. 4j>. 5* . ^-ip . 5p . 

This is identical with the previous line, being single and degraded to the 
red. The upper term, having a J value zero, is single; therefore this line 
checks the above, both giving the 4p. 5s. 1 P 1 term as having a very narrow 
inverted structure 

X 5107 • 6. ip . 5s . l Y x -4p . 5 p . 'D* 

This is a very narrow complex line appearing as a close doublet with high 
resolution, the components being 41 units apart and of similar intensity. As 
the lower terra is so narrow the structure must be due to the upper term. It 
should then be a quartet, but with a narrow quartet and with poor resolution, 
the last three components will group together and the resultant appearance is 
a doublet, the intensities of the two being about the same. It follows, there¬ 
fore, that a rough idea of the interval factor of 4 p . 5 p . 1 1) 2 can be obtained 
and this turns out to be 12 units. 

In addition to the structures of all of these allocated lines, thoso of a number 
of unclassified lines have also been measured and these are all given in Table 

III. Attention may be drawn to the line X 4340-4, which is a perfectly 
resolved quartet having a much coarser structure than any other line, namely 
intervals of 276, 237, 153. For a J value 3 these should be m the ratio 9:7:5 
and actually they are m the ratio 9 X 31 : 7 X 34 : 5 X 31. This is suggestive 
of a term with J value 3 and interval factor 62 Further, the regular quarter 
X 4336 *6 shows the intervals 150, 114, 47, the last separation not beiug very 
accurate. These arc in the ratio 7 X 23 : 5 X 23 : 3 X 16, which, when the 
poor measurement of the last component is considered, arc in the ratio 
7:5:3, the value demanded by a J value of 2. Since both lines degrade to 
the violet, these J values are to be attributed to the lower terms. 

Discussion. 

The structures and interval factors of the various terms are given in Table 

IV. 

Only the data for the terms 8 P 0 , 8 P V of the ip. 5s and the *D V 3 S 0 
terms of 4p. 5p are exactly determined. From fig 2 it is seen that most of 
the term interval factors have been obtained from more than one line. The 
interval ratio in the 4p * 5s . 3 P X term is exactly 5 : 3, which is the correct value 
required for a nuclear spin of However, the ratio m the ip . 5j>. S D X term, 
which should be the same if the interval rule holds, is 5 : 3 -25 and the measure- 
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Terms. 


Term structures. 


Interval factors. 


4 p . 6s 


•p. 

•p. 

•p, 

*pi 


Zero 

104 117 
117 83 60 
Small, inverted 


Zero 

78 

33 

Small, inverted 


4 P 


Up ■{ 


'D, 

* 1 ), 

»P, 
’Pi 
. *Si 

L ’So 


120 78 
84 60 36 

46 33 20 
Small 
48 20 
Zero 


50 

24 

12 

13 

Small 

14 
Zero 


mcnts are sufficiently exact to show that this deviation is real. It is possible 
that the exact interval rulo fails in the other 4 p . 5p terms, but since the 
deviation is relatively small m 3 D 1} any effect cannot be destructive upon the 
preceding analysis. It is, of course, impossible to detect deviations in any 
of the other terms since the interval rule was assumed in deducing their 
structures. This breakdown of the interval rule will be mentioned again 
later. 

The relative observed values of the interval factors will now be compared 
with those predicted by the vector coupling method of White and Ritschl 
(Zoc. ext). 

This coupling method is illustrated in fig. 7, for the ip . 5 s configuration. 
At the left at A are the ip . 2 Pj ; terms of As III on which the 3 P and X P terms 
of As II are built. The 4s 2 electron group, being closed, exerts no influence 
on the fine structures and so is completely neglected. The l value of the ip 
electron is shown by a long thin arrow, and the spin by a short thick black 
arrow. The As II tcrniH formed by the addition of a 5$ electron, in (LS) 
coupling, are shown at B, the small hollow arrow representing tho spin of the 
added 8 electron. The effect of compounding a nuclear spin I = J is shown at 
C. Since the total spread of the fine structure, the interval factor, is 
proportional to cos (IS) when cos (IJ) = 1, White and Ritschl (loc ciL) t then 
the relative interval factors are proportional to the angles made by I and S 
when I is placed parallel to J. The resulting relative patterns shown at C 
hold only for strict (LS) coupling. At the extreme right of the diagram the 
observed interval factors are recorded, and the mam difference between the 
two is that the observed A for 8 P X is greater than that for 8 P a , whilst in the 
predicted diagram this is reversed. 
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However, fig. 7 holds only for strict (LS) coupling, and actually the gross 
multiplet analysis indicates a stage intermediate between (LS) and (JJ). 
Fig. 8 shows the structures obtained with pure (JJ) coupling and with respect 
to this the following point is of importance. Breit* has shown, that in heavy 
elements, a electron, i.e., a p electron with l and s opposing, behaves as 
if it were a penetrating electron and should therefore produce wide structures. 



AiU! 

ah 

43* 4p 

4s‘ 4pSS 

p dedron 

S electron 

l - -> 

S - <=§> 

4 


Fiq. 7.—Fine structure vector couplings. (IS) coupling. 

Since the 3 Pj term in fig. 8 is built up out of a electron and an s electron 
coupled parallel, then it Bhould show the largest interval factor of all the terms 
in this configuration. It is seen that the observed results fit in very well with 
the predictions of fig. 8. The interval factor for *P 0 is zero, the factor for *Pi 
is greater than that for ®P t and l P x is small and inverted. These are all pre¬ 
dicted so that the structures can fit a coupling scheme intermediate between 
(LS) and (JJ) but having a strong tendency towards (JJ). 


* * Phys. Rev.,’ vol. 37, p. 1182 (1931) and vol. 38, p. 462 (1931). 
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The data for the 4p. 6p configuration are not exact enough for conclusions 
to be drawn about the coupling processes. 

The penetrating property of the p 4 electron, which explains the wide structure 
of 8 Pj, also succeeds in accounting for the abnormally large structure found m 
the ip . 5p . 8 D 1 term. Since this term is built up out of two p ^ electrons 
coupled parallel, then on this view it should possess a structure comparable 



AsIII A&ff I ~ 


43* 4p 

p electron 

/--> 

s - 4 


4S* 4p5S 
s electron 

s »4 


Fig. 8.—Fine structure vector couplings. 


(JJ) coupling. 


with that produced by a penetrating a electron, and experimentally this is 
found to be the case. It is to be observed that the interval rule does not hold 
exactly in this term, which is possibly associated with the fact that the orbital 
motions of the p± electrons affect the coupling so that the simplo cosine law of 
interaction is not valid. 

Concerning the list of single and broad lines which are not allocated, and are 
given in Table II, all that can be said is that they probably represent transitions 
between the ip . 5p and 4 p . 4 d configurations, whilst the coarse line X 4340*4 
may come perhaps from the 4#. 4p* group. It is to bo observed that the fine 
structure observations confirm the gross structure multiplet analysis. 
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Summary. 

The fine structures in the majority of the strong visible lines in the spectrum 
of As II have been observed and analysed. Most of these lines involve the 
4 p . 5s and the ip . 5p electron configurations. The source used was a Geissler 
tube containing arsenic and helium, and the structures were observed with a 
Fabry-Perot interferometer having varying plate separations. 

The structures can be completely explained by taking the nuclear spin as ij. 

The term structures of all the four ip . 5 8 terms and those of seven of the 
ip . 5 p terms have been determined, and the former can be accounted for if 
the electron coupling in As II is taken to be intermediate between (LS) and 
(JJ) but with a strong tendency towards (JJ). 

The analysis shows that a p ^ electron is to be considered as if it were pene¬ 
trating, and experimentally such an electron is found to produce wide fine 
structures. 

Twenty-six unallocated lines are found to be either quite single or else just 
broadened a little, and these probably represent ip . id—ip . 5 p transitions. 

The fine structure observations confirm the gross structure multiplet analysis 
in detail. 

I take this opportunity of expressing my thanks to Dr. K. R. Rao for allowing 
me to use his unpublished data on the gross structure analysis. I also wish to 
express my appreciation of the kind continuous assistance and encouragement 
given to me by Professor F. Paschen, in whose laboratory this investigation 
was carried out 
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The Elastic Limit of Metals Exposed to Tri-Axial Stress . 

By Gilbert Cook, D.So. 

(Communicated by E. V. Appleton, F R S —Received April 22, 1932 ) 

§ 1. Introduction . 

The numerous investigations which have been carried out since the opening 
of the present century into the elastic breakdown of metals have resulted in 
the formulation of several hypotheses concerning the conditions of stress and 
strain necessary for its occurrence. The methods generally employed in the 
investigations have consisted in the application of combinations of tension and 
compression with torsion, and of bending with torsion, to solid bars and thin 
tubes, and of tension and compression combined with internal and external 
pressure to thin tubes ; so that the stress system produced m the metal was 
essentially bi-axial in character, the third principal stress being either very 
small or zero. The results of these experiments have given general support 
to the shear stress hypothesis of Guest.,* although with deviations which in 
some cases are not insignificant. 

Experiments employing a tri-axial stress system, in which the relation to 
each other of the component stresses could be varied, have been comparatively 
few in number. Tests by Turnerf on thick walled cylinders of mild steel 
exposed simultaneously to internal pressure and axial tension, were inconclusive, 
possibly owing to the irregularity of the tubes. Those by Cook and Robert¬ 
son,f also on thick-walled tubes of varying dimensions, showed a reasonably 
constant value of the maximum shear stress at the instant of elastic breakdown 
at the internal surface ; this stress was, however, considerably higher than the 
shear stress observed in the uni-axial state of stress in a simple tensile test of 
the same material, a result confirmed in more recent tests of a similar kind by 
the author.§ The newer hypotheses of Haigh|j and of von Mises^f require 
an effect of this kind ; but it has been suggested by the author that the observed 
effect may nevertheless be associated more directly with the non-uniform 
character of the stress distribution, rather than as an indication of the 

* * Phil. Mag./ vol. 60, p. 69 (1900). 
t * Engineering,' vol. 92, p. 116 (1911), 

% 1 Engineering/ vol. 92, p. 780 (1911). 

§ • Phil. Trans./ A, vol. 230, p. 103 (1931). 

|| Haigh, 1 Kept. Bnt. Assn./ p 486 (1919), and p. 324 (1921). 

U von Mises, 1 Naohr. Gos. Wu». Gottingen/ p. 682 (1913). 
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inapplicability of the hypothesis which regards failure as due to the existence 
of a critical value of the shear stress. 

The investigation described in the present paper is a further attempt to 
ascertain more definitely which of those three hypotheses most closely repre¬ 
sents the conditions at the elastic limit in certain metals when exposed to a 
tri-axial stress system. If p 9t p Wt p a are the principal stresses, then according 
to the Guest hypothesis of constant shear stress at least one of the equations 

p*-p,=*±f, p,-p,=±f, (i) 

must hold, / being a constant equal to the stress at the elastic limit in a uni¬ 
axial system. The Haigh hypothesis of constant strain energy is represented 
hy the equation 

P* + P* + P* ~ 2d (P,P, + PJ>* + p m py) = P, (2) 

where a is Poisson's ratio, wliile the relation proposed by von Mises is 

(P* - PkY + (py ~ P.Y + (ft - V *)* - 2/*, (3) 

which, as shown by Hencky,* is also the condition of constant energy of shear 
strain. 

Regarding the principal stresses as co-ordinates, the surfaces represented 
by the above equations have been discussed in detail by Haigh (loo. oil .), 
Westergaard,t and Schleicher .% Equations (1) and (3) represent the surface 
of a hexagonal prism and its circumscribing cylinder respectively, both extend¬ 
ing indefinitely in the axial direction, which is equally inclined to the positive 
directions of the co-ordinate axes. Equation (2) is that of a prolate spheroid 
whose major axis also lies in this direction. 

It will thus be seen that the hypotheses of Guest and of von Mises, as distinct 
from that of Haigh, require that the liability of a material to elastic breakdown 
under a given stress system should not be affected by the addition of a fluid 
stress. On the other hand, variations in the value of the intermediate principal 
stress will be without effect on the conditions of failure only if the Guest 
hypothesis is valid. The two lines of attack thus suggested are described in 
§ 2 and § 3 below. 

§ 2. The Effect of Fluid Stress on the Elastic Limit. 

There is little definite knowledge available as to the behaviour of materials 
under fluid tensile stress. No method of imposing this kind of stress in any 

* * Z. angew. Math. Mech./ vol. 4, p. 323 (1924). 

t ‘ Franklin Inst./ vol. 189, p. 627 (1920). 

} * Z. angew. Math. Mech.,* vol. 6, p. 199 (1926). 
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considerable intensity and in such a manner that it can be measured even 
approximately has been discovered , and although there is reason to believe 
that such states of stress exist under particular ciicumstances, and give rise to 
brittle fractures in otherwise ductile materials, little is known as to the 
intensity of stress which produces such fractures. It is probably very high 
compared with the elastic limit in uni-axial tension. 

The available knowledge regarding the effect of high fluid compressive stress 
on metals is chiefly due to the researches of Bridgman. The general conclusion 
to be drawn from them is that the application of a pure hydrostatic pressure, 
even of extreme intensity, produces no permanent change m the metal. It is, 
of course, inconceivable that plastic flow would occur m an isotropic material 
under simple fluid stress, either tensile or compressive. It does not, however, 
necessarily follow from the absence of an observed permanent effect that a 
critical state is not reached during the application of the fluid stress which 
might make possible a permanent change of shape under the action of a dis¬ 
torting stress which, applied alone, would be within the elastic limit In this 
connection an observation made by Bridgman* in an investigation of the 
effect of pressure on the rigidity of metals is of interest. A number of metals 
m the form of helical springs were exposed to torsional stress simultaneously 
with hydrostatic pressure up to 12,000 atmospheres. With one exception, 
all the metals tested had high elastic limits, and no permanent change m the 
dimensions of the springs made from these metals could be detected The 
exception was that of the metal palladium, whose elastic limit was rather low. 
As no numerical data are given by Bridgman for this case, his own remarks 
upon it may be quoted :—'* The original spring . . . [as exteuded] 

“ was not far from its elastic limit, and under pressure there was an effect 
which amounted to an increase of set or lowering of tho elastic limit . . . 

After the termination of the experiment ** [involving applications of pressure 
up to 12,000 atmospheres] “ the palladium spring was found to have received 
considerable permanent elongation The effect of pressure on the elastic 
limit has apparently never been determined , what we have here is virtually 
a qualitative observation that the limit is lowered by pressure, an unexpected 
result.** 

It seemed important, therefore, to the author that a critical test on this 
point should be performed, a metal of sufficiently low elastic limit being used 
so that a fluid pressure many times greater than tho shear stress at the elastic 

* * Proc. Amer. Acad. Arts Sci.,’ vol. 04, p. 39 (1929). 


2 P 


TOL. OXXXVXI.—A. 



562 


G. Cook. 


limit could be imposed. The method adopted was similar to that employed 
by Bridgman. The material chosen was soft iron wire 0 *0275 inch in diameter. 
It was coiled into the form of a helical tension spring of about 25 coils having 
a mean diameter of 0*560 inch, and was then annealed in a vacuum furnace. 
Reference marks were made on the spring m two pairs separated by 17 coils, 
each mark of a pair being at opposite ends of a diameter. By this means the 
axial extension while under load in the atmosphere, and any permanent set 
which occurred, could be measured by observation through the telescope of 
a cathetometer. 

The spring was first extended by successive loads at atmospheric pressure 
in order to determine the position of the elastic limit. The observations are 
given in Table I, and the load-extension curve in fig. 1. 



Table I. 


j 

Mean distance 


Total load 

between reference 

Extension 


marks 


lb. 

mm. | 

mm. 

Zero 

48*38 i 

— 

0 064 

66*21 1 

7 83 

0104 

63 37 1 

14*99 

0 114 

64*84 

16 46 

0124 

66 43 | 

18 05 

0 134 

68*31 i 

19 93 


ft will be seen that there is a fairly well defined elastic limit at a load of 0 ■ 114 lb., 
corresponding to a maximum shear stress in the wire of 3*5 tons per square 
inch. The spring was now re-annealed, and a load of 0*104 lb., slightly below 
that corresponding to the elastic limit as determined above, was applied and 
removed as described in part (i), Table II. The small permanent set produced 
by the first two applications of this load is seen to remain unaltered after a 
further 48 hours’ continuous application of the same load ; thus, although the 
material is exposed to a stress little less than that which would cause 
considerable plastic flow, it appears to be quite stable. 

The spring was now suspended vertically in a pressure vessel, fig. 2, consisting 
of a thick-walled tube of high tensile steel, filled with glycerine. A load 
equivalent to that previously imposed, 0*104 lb., was suspended from the 
spring, due allowance being made for the density of the glycerine. The 
pressure was raised to 21*5 tons per square inch by meaas of an intensifier, 
and was allowed to remain at this figure for a period of 48 hours. The spring 
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was then removed from the apparatus, particular care being taken to avoid 
imposing any strain upon it in doing so. A measurement on the unloaded 



Load applied and removed 

Axial Fluid 

load. pressure 


Tabic II. 


Duration 

of 

application. 


Mean distance 
between 
reference marlin 
after removal 
of load 


Permanent extension. 



Per¬ 

centage. 


lb. 

0 104 
0104 
0104 


0*104 


tons/sq. in. , 

Lours 

mm. 

50 81 | 

mm. | 


_ 

2 

51 08 

0 27 1 

0 54 

_ 

16 

51 13 

0 32 

0-64 

— 

48 

51 13 

0 32 

0 64 


(») 

21-5 ! 48 | 51 03 | 0-22 | 0-44 


2 P 2 
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spring now gave the figures shown in part (ii), Table II. The small per¬ 
manent extension previously observed has apparently been diminished slightly, 



but it is considered that the difference is prob¬ 
ably due to the unavoidable handling of the 
spring in placmg it m, and withdrawing it from, 
the pressure apparatus It is, m any case, in 
the opposite direction to that which would be 
found if the elastic limit were lowered by the 
application of the fluid pressure. It will be 
noted that the fluid pressure imposed in this 
test was more than six times as great- as the 
shear stress at the elastic limit observed under 
atmospheric conditions , and the absence of 
any appreciable (‘fleet due to its application 
justifies the conclusion that the addition of such 
pressure does not increase the liability of this 
material to elastic breakdown Although it 
cannot with certainty be inferred that other 
ductile materials would behave iu a similar 
manner, it seems highly probable that the effect 
observed by Bridgman in the case of palladium 
is due to some other cause 

§ 3 Effect of Variations in the Magnitude of the 
Intermediate Principal Stress 

If the conclusion is accepted that the position 
of the elastic limit is independent of the intensity 
of the fluid stress, it follows that stress differ¬ 
ences alone will be found m the expression of 
any theory which can be applicable. The shear 
stress theory of Guest, and the shear strain 
energy theory of von Mises-Hencky comply with 
this condition The question as to which of 
these two hypotheses is preferable may be ex¬ 
amined by observing whether the maximum 


shear stress, or, what is equivalent, the differ¬ 
ence between the extreme principal stresses, 


prevailing in the material at the elastic limit, is affected by the value of 
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the intermediate principal stress. This has been the method used m recent 
investigations where, however, the enquiry has been confined to the conditions 
necessary to set up and maintain a condition of plasticity in material which 
has already received a considerable amount of plastic deformation. The work 
of Lode* on thin tubes of iron, nickel, and copper exposed to combinations of 
internal pressure and longitudinal tension ; of Hohenemserf on thin steel tubes 
subjected to combined tension and torsion, and particularly the recent work 
of TayloT and QumneyJ on tubes of copper, aluminium and iron, have shown 
that the onset of plastic flow under such conditions is undoubtedly affected 
by the value 1 of the intermediate principal stress, and to an extent, moreover, 
which is in good agreement with the hypothesis of constant energy of shear 
strain The experiments to be described in this section were undertaken in 
order to discover whether a similar effect was observable in regard to the elastic 
limit in previously unstrained materials 

The cast 1 of compound stress chosen for this study was that which exists at 
the inner surface of a thick-walled cylindei exposed simultaneously to internal 
pressure and longitudinal tension In a cylinder in which the longitudinal 
stress is due solely to the internal pressure, the principal stresses at a point 
in the inner surface are, from the well-known theory 


Pz - P 


Pv P 


l "l 

Jt 2 - 1 

k 1 I 1 > 
k 2 — 1 


P*= ~P 


( 4 ) 


where p is the numerical value of the internal fluid pressure, and k the ratio 
of external to internal diameter In this the axis of x is taken parallel to the 
axis of the cylinder, and those of y and z in the tangential and radial directions 
respectively, tensile stresses being positive The relative values of p v and p t 
may be varied over a considerable range by varying t, but p x , although depen¬ 
dent also on k, is comparatively small except in very thin tubes. It may, 
however, be varied independently of p v and p x} by applying an additional axial 
load, and it is the intermediate principal stress so long as the additional axial 
stress is less than p . ^/(k 2 — 1). By choosing a suitable value for k we may 

* ‘ Ver death Ing Forschrftvol. 303 (1928). 
f ‘ Z angew Math Mech vol. 11, p 13 (1931). 
t ‘ Phil. Trans.,’ A, vol 230, p 323 (1931) 
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examine by this method the effect of the intermediate stress extending, from 
a comparatively low value, over a range greater than the internal pressure 
applied, without altering the disposition of any of the principal stresses 
Two varieties of mild steel, containing 0*21 per cent. C and 0*35 per cent C 
respectively were used in the investigation. These were specially prepared 
and supplied by Messrs. Tkos Firth & Sons. The analyses are given m 
Table III. 


Table III —Analysis of Steels. 


Reference 

1 i 

1 c. 

, 1 

Si. 

Mn 

] r 

P. | 

Ni 

C 

0 21 

0-09 

0 05 

| 0 018 | 

1 

0 018 | 

1 

on ; 

J 

0*35 

i 

0 22 

0 66 

1 

1 0020 , 

1 1 

0 020 | 

1 

0 46 


A considerable amount of information was available from a previous 
investigation in regard to the behaviour of the 0-21 per cent C steel under 
other non-uniform stress systems 

Stress-strain diagrams obtained from tests in simple tension on specimens of 
the same shape and with the same heat treatment as the cylinders, are 
Bhown in fig. 5, and it will be seen that no deviation from a linear relation 
between stress and strain is perceptible up to the yield point, which thus 
coincides with the elastic limit. 

The cylinders used in the tests under tn-axial stress were machined to the 
form shown in fig. 3. It was decided to keep the dimensions the same in all 





Km. 3. 

cases, so that no variation m the ratio of the transverse principal stresses 
would occur. The external diameter of the central parallel portion was made 
twice the internal diameter, and this portion was connected to the screwed ends 
by fillets of large radius to avoid concentrations of stress due to the axial load. 
The specimens wen* carefully machined internally and externally and were 
then heat treated in vacuo to remove initial stresses. The temperatures 
employed were 900° C. for the 0*21 per cent C steel, and 370° 0. for the 0*35 
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per cent C steel, the specimens being allowed to remain for 20 minutoa at this 
temperature The specimens of 0-21 per cent. C steel 


were allowed to cool m the furnace, as it was desired 
to compare the results of the tests applied to this 
material with others in which the same heat treat¬ 
ment had been given, while those of 0-35 per cent, 
steel were removed from the furnace to cool by radia¬ 
tion i?i vacuo 

The method used for applying the combination of 
fluid pressure and axial stress is shown in fig 4. 
The longitudinal tension, applied through axial loading 
grips of the ball type from a special straining gear, is 
measured by the elastic extension as recorded by a 
mirror extensomotcr, of a weigh bar A of high tensile 
steel coupled in senes with the specimen B. Fluid 
pressure was transmitted to the interior of the test 
piece through a fine bore steel tu be C from an mtensi- 
fier and was measured by means of a steel tube 
Bourdon gauge with jewelled beanngs reading to 20 
tons per square inch, and graduated in divisions of 
0*1 ton per square inch. The gauge was calibrated 
against a dead weight tester at the makers’ works in 
the presence of the author. 

In order to observe the strains produced in the 
specimen two extensometers were used The radial 
extension of the external surface was measured by 
means of a Lamb diametral extensometer,* and for 
the axial extension a mirror extensometer embodying 
the Martens principle was employed The purpose of 
both extensometers was to indicate when any de¬ 
parture occurred from a linear relation between the 
strains and applied stresses, and it was unnecessary 
therefore to convert scale readings into actual strains. 

The method generally employed in carrying out a 
test was first to strain the cylinder axially to a stress 
such as, with the addition of the stress due to the 



Fig. 4. 


estimated internal pressure, would give approximately a predetermined 


* For a description of this extensometer, see 4 Engineering/ vol, 119, p. 207 (1925). 
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value of the total axial stress. The fluid prtsssure was now raised, and 
readings on both extensometcrs attached to the specimen, and also on that on 
the weigh bar, were taken, the intervals being reduced to 0*1 or 0*05 ton per 
square mch as the point of breakdown was approached. As the pressure was 
raised the extensions, both radial and axial, were almost exactly proportional 
to the increase m pressure. A period of at least 1 minute was allowed to elapse 



at each value of the pressure during which the extensometers were carefully 
observed for any sign of creep, or departure from the proportional increment 
m extension. The clastic limit was marked by a much larger increment in 
the radial strain than had previously occurred, or in a contraction, both being 
accompanied by a slow creep.* 

* The contraction in diameter frequently observed is not due, as might be supposed, to 
an increase m the axial strain, but to the initial localisation of the breakdown causing the 
external surface to become slightly elliptical. The effect has been discussed in detail 
elsewhere b> the author { loc . ctt.). 
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In an investigation of this nature it is desirable to obtain as large a number of 
test results as possible, and for this purpose one or other of the following 
courses may be adopted .— 

(1) A considerable number of specimens may be used, and a single test only 
carried out on each specimen Where a large amount of machining is 
required, as m the present case, this method is expensive, and there is 
also the possibility of variations in properties from specimen to specimen 
due to variations in composition. It is, however, probably the best 
method, and was employed for the tests of the 0*35 per cent. C steel, 
but it was not possible, owing to the cost, to use a large number of 
specimens. 

(2) By immediately relieving the pressure on the first sign of elastic break¬ 
down the amount of overstrained material would be small and probably 
localised in a small area. A second test would produce breakdown at 
another point, and m this way the same specimen could be used for a 
number of tests with different amounts of axial stress This method 
was employed for the 0-21 pel cent C steel It is not altogether free 
from objection, but repeat tests under the same conditions show that 
the effects of previous tests are inappreciable 

(3) The specimens may be renormalised or re-annealed after each test. 
This method was, however, not used owing to the possibility of 
structural changes following the process when repeated many times. 

Fig 6 shows the character of the stress strain diagrams. The ordinates 
represent the internal pressure, while the abscissa) represent, to an arbitrary 
scale, the radial extension The whole of the diagrams for the tests with 
0*35 per cent. C steel are shown, but for reasons of space the series for one 
specimen only (No. \) of the 0*21 per cent. 0 steel is given 

The numerical results art 1 contained m Tables IV and V. The radial and 
tangential principal stresses are obtained from the second and f bird of equations 

(4), while the axial principal stress is given by the equation 



where p ^ is the externally applied axial stress as measured by the weigh bar. 
In order more readily to see the effect of variations in the intermediate principal 
stress, the tests are tabulated in order of increasing axial stress. The 



Radial Extension 

Fig. 6. 


Table IV.—Tests on 0*35 per cent. C Steel Cylinder* 

Elastic Limit and Yield-point in Simple Tension,/ = 27 *9 tons per square inch. 
Ratio, external to internal diameter, 2 * 1 


Spool- 

Principal stresses at 
elastic limit 

Equivalent uni axial 
stress for same value of 



men 

No, 

Axial 

(/>.•)• 

Tangential 

{j>v) 

Radial 

iPz) 

Maximum 

shear 

stress 

(/«)• 

Maximum 

shear 

strain 

energy 

(W 

/.:/ 

f.U 

1 

tone/sq. in 
4 00 

tons/sq in 
19*90 

tons/sq. in, 
-11 95 

tons/sq, in. 
31 85 

tons/sq. in. 
27 00 

1 140 

0 990 

8 

4 40 

19*30 

-U 60 

3090 

20*75 

1*105 

0*960 

2 

8 90 

19 50 

-11 70 

31*20 

27*45 

1*116 

0 982 

9 

14 05 

19 40 

— 11*65 

31 05 

28 75 

1*110 

1*030 

4 

17*80 

19 30 

-1160 

30*90 

30*10 

1 103 

1*075 

7 

19*00 | 

19*00 

-11 40 

30 40 , 

30*40 

1 090 

1*090 

3 

20*20 i 

18*33 

-11 00 

31 20 

30 30 

l 115 

1*085 

5 1 

24*05 | 

12*00 

- 7 20 I 

! 31*25 

27*30 

1 120 

0*975 

6 1 

21 95 1 

0 ! 

0 

27*95 | 

27 95 

— 

— 

Mean 

Maximum sanation (per rent ) 

Mean variation from mean (per cent.) 



1*112 
l 4-6 

1 i*o 

1 023 

13 0 

4*6 
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Table V.—Tests on 0*21 per cent. C Steel Cylinders. 

Elastic Limit and Yield-point in Simple Tension,/ = 21 *<i tons per square mch. 


Ratio, external to internal diameter, 2 : 1 




Principal stresses at 
elastic limit. 

Equivalent uni axial 
stress for same value of 



Speci¬ 

men 

No. 

Teat 

No. 

Axial 

< Px) 

Tangential 

(Pv). 

Radial 

(*.) 

Maximum 

shear 

stress 

Ws) 

Maximum 

shear 

strain 

energy 

(/•) 

LI 

f.'f 

1 

(1) 
(*) 
(6) 
(3) 

(2) 
<«) 

tons/sq.m. 

3 26 

3 70 

7 70 

13 40 

15 05 

MS 06 

tons/sq. in. 
14*60 

14 60 

14 50 

14 50 
14*00 

14 00 

tons/sq in 
-8 75 
-8*75 
-8 70 
-8 70 
-8 40 
-8 40 

tons/sq m. 
23 35 

23 35 
23*20 
23*20 

23 45 

24 45 

tcus,sq in. 
20 20 ] 

20 20 

20 06 

22 70 1 

22 96 

23 50 

1 080 

1 080 

1 075 

1 076 
1*087 

1 132 

0 935 
0 935 
0 955 
1 052 

1 063 
1*089 


(1) 

3 60 

14 05 

-8 80 

23*45 

20 30 

1 087 

0 940 


(0) 

3*70 

14*60 

-8*75 

23 35 

20 20 | 

1 080 

0*935 

2 

(3) 

10 35 

14 50 

-8 70 

23 20 

21 40 

1 075 

0 090 


(4) 

13*85 

14*15 

-8 50 

22 65 

22 50 ! 

1 050 

1 042 


(2) 

14 00 

13 65 

-8*20 

22 80 

22 40 - 

1 

1 057 

1*037 


(1) 

3 40 

14 65 

-8 80 

23 45 

20 35 i 

1 087 

0 942 


(4) 

12 00 

14 05 

-8 80 

23 45 

22 25 i 

1 087 

1 030 

3 

(2) 

14*40 

14 00 

-8 40 

22*80 

22 60 ; 

1 057 

1 1 047 


(3) 

14*65 

14 30 

— 8 60 

23*25 

23 00 j 

1 078 

1 065 


(8) 

16*60 

13 40 


24 65 

| 23 26 | 

1 140 

1*077 

« 

(6) 

3*56 

14 65 

! -8 80 

23 45 

20 35 | 

l 087 

0 942 


(7) 

3*96 

14 75 

-8 85 

23 60 

| 20 46 

1 092 

0*948 


(2) 

4*56 

14 60 

-8 75 

23 35 

20 30 j 

1 080 

0 940 

A 

(3) 

7 05 

14 40 

-8 66 

23 05 

1 20 40 1 

1 009 

0 945 

% 

(4) 

10 10 

14 15 

-8 50 

22 06 

20 90 | 

1 050 

0 968 


(5) 

13 06 

14 15 

-8 50 

22 65 

22 10 , 

1 050 

1 023 


(8) 

14 25 

14 15 

-8*50 

22*75 

; 22 70 | 

1 054 

1 051 


(D 1 

14 65 

13 85 

-8 30 

22*85 

i 

1 22*50 

l 060 

, 1 041 


1 c> 

3*00 

14 50 

8 70 

1 23 20 

20 10 

l 075 

0 930 


(2) 

9 05 

14 40 

-8-66 

23 05 

20 90 ' 

1 069 

0 90S 

0 

(3) 

14 SO 

; 14 00 

-8 40 

23 20 

22 80 i 

1 075 

j 1 067 


(4) 

18 65 

10*20 

-6 10 

24 75 

21 80 

l 146 j 

j 1 010 

6 

(1) 

5*45 

: u no 

-8 70 

23-20 

1 20 20 

1 075 1 

0 935 

(2) 

21*80 

1 4 86 

-2 90 

24 70 

1 21 90 

1 143 

| 1*014 

Mean 

Maximum variation (per cent.) 

Mean variation from mean (per cent.) 



i 

1 082 1 
8 ft 

1 6 

0 997 
|15 9 

I 6*0 


equivalent uni-axial stress, that is, the value of / calculated from the tabu¬ 
lated values of the principal stresses by means of equations (1) and (3), and 
the ratios of this to the stress at the elastic limit observed m the simple 
tensile test, are given in the last four columns. 
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The results are also shown graphically in fig. 7. The ratio k being constant 
throughout the present series makes it possible to represent them on a two- 
dimensional diagram m which the internal pressure is plotted against the total 
axial stress. On the same diagram are plotted, by means of broken lines. 



.Fig. 7. 

— — Constant shtar strain energy "1 equaJ to value observed at tensile yield 

—. -.— Constant shear stress f point. 

— - Constant shear stress, equal to mean of observed values 

the theoretical relations according to the two hypotheses, based upon the 
observed value of the tensile elastic limit; that is to say, the lines aro made to 
pass through the point on the axis of p x representing that stress. These 
lines arc part of the intersection of the surfaces corresponding to equations 
(1) and (3) with the plane 

PV 4* P; (tf+l)/(4*-l)=0 

The full line m each case is drawn for a constant value of the shear stress equal 
to the mean value observed in the tests. 
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The mean value of the ratio given in tho last column in Tables IV and 
V is much closer to unity than that obtained from the figures m the previous 
column, which might suggest that failure under tri-axial stress is better 
correlated with that in simple tension on the basis of the hypothesis of con¬ 
stant shear strum energy rather than on that of constant shear st ross. But 
it may be observed that the individual variations m value of the ratio from 
test to test is much less for the shear stress hypothesis than for the shear strain 
energy hypothesis, and it will be noticed that in the value of the latter 
ratio there is a progressive variation which is absent from the former If we 
exclude those cases in which the axial stress is appreciably greater than the 
tangential principal stress, the shear stress figures will be seen to be in still 
closer agreement, and since, under these conditions, the axial stress is the 
intermediate principal stress, the conclusion appears to be unavoidable that 
it is without appreciable effect upon the conditions under which the elastic 
limit is first reached in these materials 

It is interesting to note that the average value of the maximum shear stress 
observed in the present tests on the 0*21 pel cent 0 steel, namely 117 tons 
per square inch, is in close agreement with the values 11*9 tons per square 
inch and 12*1 tons per square mch previously obtained with the same material 
in torsion and flexuie respectively 

The evidence therefore favours the view that as regards the initial elastic 
breakdown in nnld steel, the maximum shear stress is the critical factor , that 
the Guest hypothesis is true to the extent that, for the same kind of stress 
distribution, the values of the principal stresses at the elastic limit, are such as 
to give a constant value of the maximum shear stress But, further, in this 
material the critical value of the shear stress depends on the character of the 
stress distribution, so that, the results obtained from the ordinary tensile test, 
in which the stress distribution is uniform, are not strictly comparable with 
systems of combined stress where, as is generally the case, the distribution is 
not uniform. 

Summary 

The paper describes an investigation carried out to determine the relation 
holding between the principal stresses at the elastic limit in certain ductile 
materials when exposed to stresses in three dimensions, and to examine the 
applicability of the hypotheses of constant maximum shear stress (Guest), 
constant total strain energy (Haigh), and constant energy of shear strain 
(von Mises-Hencky). 
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An observation by Bridgman, suspecting an effect upon the elastic limit 
under distorting stresses by the superposition of high hydrostatic pressure, 
was examined by exposing an annealed iron wire to torsional stress (a) at 
atmospheric pressure, and (b) under hydrostatic pressure of 21*5 tons per 
square inch. No lowering of the elastic limit was observed, a result which 
suggests that the Haigh hypothesis does not hold. 

To discriminate between the two remaining hypotheses, tests were carried 
out on thick-walled cylinders of mild steel, exposed to combinations of internal 
pressure and axial tensile stress. It is shown that variations in the axial 
stress, provided that it remains the intermediate principal stress, have a 
negligible effect on the internal pressure required to cause initial failure at the 
internal surface ; and therefore for the same kind of stress distribution the 
values of the principal stresses at the elastic limit are such as to give a 
constant value of the maximum shear stress. 

The author desires to express his indebtedness to Dr. W H. Hatfield and 
Messrs. Thos Firth & Sons, who very kindly prepared and supplied the mild 
steel used in the tests, and to the Government- Grant Committee of the Royal 
Society for a grant to defray the cost of machining the specimens. The 
experimental work was carried out m the Engineering Laboratories of King’s 
College, London. 
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Intensity Distributions m Molecular Spectra: The Swan System (C a ). 

By R. C. Johnson, M A , D Sc , Hud N. R. Tawde, B.A., M.Sc., University of 

London, King’s College 

(Coramunu ated by E V Appleton, F.R.S—Received April 28, 1032 ) 

1 Introduction 

The problem of obtaining act urate measurements of the relative intensities 
of spectral lines or bands when these cover a considerable wave-length range 
is one of the most difficult in experimental spectroscopy. These difficulties 
have been enumerated by many writers, e y , in a recent paper by Read and 
L W. Johnson,* and it is not proposed to enter into a detailed discussion here. 
The problem is much simpler when a small spectral range only is being investi¬ 
gated, such as, for example, the fine structure of an individual band or the 
intensity within a lint* multiplet, and a large amount of experimental work has 
been done within these limits The desirability of quantitative data on 
intensity distributions within band systems is apparent from the theoretical 
work of Condon| published m 1926, explaining the general characteristics of 
such distributions. The eases to which Condon’s theory has been applied by 
way of illustration have been almost all naked-eye estimates of band intensities 
on an arbitrary scale (0-10) An exception to tins is the a-system of BO on 
which Elliott has made accurate measurements In the present paper we havo 
made preliminary observations on the well-known “ Swan ” system of the C a 
molecule. This system has the advantage, from an experimental standpoint, 
of lying wholly within the visible region of the spectrum, and, further, that its 
intensity distribution is characteristic of a large* class of band systems, and that 
it can be produced under a variety of experimental conditions. 

2. Experimental Methods . 

The Swan system has been produced and studied from five sources, differing 
widely both in temperature and in electrical conditions ; the cone of the Bunsen 
flame, the cone of the Oxy-coal gas flame, the Carbon arc in hydrogen, the 
discharge tube containing a trace of carbon impurity in the presence of 30 mm. 

♦ * Phil. Mag.,’ vol. 11, p. 1152 (1931). 

t 1 Phya. Rev.,* vol. 28, p. 1182 (1926); vol. 32, p. 858 (1928). 

} 11 The Optical Determination of the Relative Abundance of Isotopes,” Utrecht, J930. 
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pressure of argon, and the condensed spark under glycerine, A Hilger glass 
prism constant deviation spectrograph was used for photography. Ilford 
Rapid Process Panchromatic plates were used through the work, and with due 
precautions in the matter of exposure and development were found when 
pliotometered to give an exceptionally clear and uniform background with 
very little “ gram effect.” Two plates were taken of each source, one exposed 
a longer time for the benefit of the famter bands, the other one a shorter time 
for the sake of accuracy in measuring the strongest bands Correlation of the 
two plates was made by measuring a number of bands of intermediate intensity 
on both plates On each plate a set of seven strips of continuous spectra was 
photographed adjacent to the band system, for the purpose of determining the 
Blackening-Intensity curves of the plate at any desired wave-length. For 
this purpose a step-slit* having seven steps of widths 2 26 ram , l *511 mm., 
1 *05 mm , 0*74 mm., 0*48 mm ,0*26 mm , and 0*13 mm , was mounted in the 
collimator tube in place of the normal long slit. The stop slit was illuminated 
by a special 12-volt, gas-filled tungsten spiral-filament lamp, supplied by a 
battery of large capacity It was placed about l metre distant and accurately 
m lme with the collimator, no lens being used This lamp had been previously 
calibrated by means of a thermopile, Pascben galvanometer and quartz mono¬ 
chromator, so that its E A X relation was known The dispersion curve 
d'kjdm X of the glass prism spectrograph having previously been obtained, 
an E A dX: X curve was eonstiucted appropriate to the standard lamp when 
used m conjunction with this particular spectrograph The value of the light 
eneigy falling on a given interval of the plate at any desired wave-length was 
therefore known cm a relatively correct scale. It was proportional to 
(slit width w) X E A rfX. Reflection and absorption losses in the spec trograph 
do not produce any error in the final results since these are the same for both 
the calibration spectra and the band system itself. 

Microphotometer records were obtained of the band system and of the 
calibration spectra opposite each band head. Plotting optical density 
logjo (« o /0 of the calibration spectra (deduced from the microphotometer record) 
against light intensity (known as explained above), the intensity corre¬ 
sponding to the optical density of the band could be read. With this procedure 
it was necessary to construct a separate Blackening-Intensity curve for each 
liand head, and though laborious, it was found to be essential on account of 
the rapidly varying sensitivity of the plate with wave-length 


* • PhiL Mag.,’ vol. 11, p. 1152 (1931). 
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A second method of intensity determination was also examined, vis., the 
neutral wedge method developed by Merton and Nicholson.* In thiB case the 
wedge spectrum of the band system and also of the standard lamp were photo¬ 
graphed on the same plate. After development and fixing of the plate it was 
“ cut ” with potassium ferricyanide solution to give sharp end points. The 
heights “ h ” of the band heads and of the corresponding points of the wedge 
spectrum of the lamp were measured on a micrometer, and from these, 
using the customary formula, I 1Ml ac antilog ( dji/m ), the photographic 
intensities of both may be calculated, d is the optical density gradient of 
the wedge and is a function of X. Its determination is discussed later, m is 
the magnification of the lens system of the spectrograph and is also a function 
of X. (It is determined by the simple procedure of photographing a line 
spectrum through a collimator slit of known length and measuring the lengths 
of the lines.) The “ photographic ” intensities of the bands of a system differ 
from true relative intensities on account of the varying sensitivity of photo¬ 
graphic plate with wave-length. The correrting factor by which the “ photo¬ 
graphic ” intensity of each band is then multiplied is ^ ^ . The 

(I Pb of lamp) A 

bands are thus brought to a relatively correct scale. 

For purposes of comparison the (0, 0) band of the system was called 100 and 
the other bands calculated accordingly 

We may here anticipate the discussion of these two methods so far as to say 
that we consider that with certain precautions the first method is the more 
accurate 

3. Peak Intensity and True Band Intensity. 

Ideally the intensity of a band should be determined by a summation of the 
intensities of the fine structure components, which presupposes complete 
resolution of the band on an instrument of high resolving power. For a 
complete band system the intensities of many thousands of lines would need 
to be measured, certainly in many cases an almost impossible procedure. A 
fairly accurate estimate may probably be made by comparing the intensities 
of corresponding fine structure lines in different bands. Since, however, the 
rotational energy distribution is dependent on the moment of inertia—which 
varies slowly with vibrational quantum number—this cannot be absolutely 
accurate Another method used by Elliot, although very laborious, is 
applicable to unresolved bands in cases where the overlappmg is not excessive. 

* ‘ Phil. Trans.,’ vol. 217, p. 237 (1917). 

2 Q 
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The microphotometer record is enlarged, and the optical densities of a large 
number of points on the contour are calculated. The intensities corresponding 
to these are read from the Blackening-Intensity curves, and, finally, a new 
contour can be constructed of which the ordinates represent intensities. An 
integration of the area under this contour should now give a quantity pro¬ 
portional to the “ weight ” of the band. 

The point of maximum intensity in an unresolved band is in many cases 
fairly close to the head. This “ peak ” intensity is experimentally easy to 
determine, although from a theoretical standpoint it is doubtful how far it 
may be taken as proportional to the band intensity. If the moment of inertia 
of the molecular varies but little with vibrational quantum number, then the 
band head will occur in every case at nearly the same j-value, and the peak 
value will probably be approximately proportional to band “ weight.” In 
the present communication we have dealt entirely with peak intensities and— 
at least to a first approximation—we believe that results of some value have 
been obtained. 


4. Discussion of the Microphotometric Method . 

In fig. 1 is represented diagrammatically the intensity distribution m the 
Swan system as deduced by eye-estimates from a spectrogram of the blue cone 

Measured t | | . 

Yahtes 11 i-i I..- 1..1 i-i .4-1- LL. - LL LX i-- 


Eye . , 

Fsilfl i/ yfr ylJ -l 1 I i- l-J.- lj -Li—j- 1- J -1—LJ 

V + 0/2J4J 0/234J 0/2 /234J 2J4 

\Z*-*>2J4J67 /234St ? OJ2 0/234 012 

Fio. 1.—Eyo estimates and measured intensity values of the Swan system photographed 

from a Bunsen flame. 

of the Bunsen flame and by microphotometnc measurement of the same plate. 
A personal element necessarily enters into the formor, but it is apparent how 
very considerable is the range of error in eye estimations of photographed 
spectra. If visual observations are made directly on the spectrum, then apart 
from variations in the intensity of the source there will bo physiological factors 
leading to error, and their magnitude is difficult to assess. Confining ourselves 
therefore to eye-estimates of spectrograms the errors arise from two sources : 
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(1) the nature of the characteristic Blackening-Intensity relation of the photo¬ 
graphic plate ; (2) the variation of this relation—and therefore of the so- 
called “ sensitivity ”—with wave-length. These factors are well known to all 
workers in this field, but for the sake of clarity in subsequent discussion it would 
seem desirable to present them in a little more detail. 

Blackening-Intensity Relations .—By blackening (B), or optical density of 
the photographic image, we mean log 10 (t 0 /r), where i is the light transmitted 
through the image, corresponding to i 0 incident upon it. In fig. 2 we have 
constructed the characteristic curves for four different wave-lengths deduced. 



Fio. 2 —Characteristic Blackening-Intensity values 

of course, from the same plate. A notable feature of each curve is that the 
approach to the origin is for a considerable distance almost parallel to the I- 
axis. This is especially pronounced at the less refrangible end. There are 
three practical consequences of this. Firstly, eye-estimates of spectrograms, 
which take cognisance of blackening only, and merely infer intensity, will m 
this region considerably under-estimate the intensity values, indeed many 
lines of considerable strength will not be observed at all. Secondly, the effect 
of a very slight chemical fog of varying amount m different parts of the plate 
will give rise to considerable error, and thirdly, eye estimates of bands or lines 
superposed on other band structure, or continuous spectrum, will also bo in 
error. This latter effect is particularly applicable to band sequences where all 
heads succeeding the first one are superposed on the fine structure of preceding 
bands. The method of allowing for this in microphotometric work is explained 
by fig. 3. In each case the optical density of the structure work immediately 
preceding a head was measured, and from this the corresponding intensity was 
determined; the difference between this and the intensity of the succeeding 


2 q 2 
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head was taken as the true intensity of the latter. Where the peak value 
was not located at the head, the microphotometer curve of the preceding 
structure work was extrapolated to deduce the intensity value directly under 
the peak. This procedure is not the same as taking the difference of the 
optical densities of the peak and the background and reading the equivalent 



Fig. 3. 


value from the characteristic curve. It can be shown that these procedures 
are identical only over the linear part of the curve Thus let I = /(B), say, 
and let Ij and I a be intensities corresponding to two successive peaks, and 1/ 
the intensity produced by the structure work of the first band on which the 
second head is superposed. Then 

W(»,) =/(l«gio^). 

V 

V =/(iV) =/(iog 10 ^), 

Wc have 

I. - V =/ (logic |j) -/ (logio j) • 

If/(B) = kB then this is equal to 

/(■*»£) «/<»,-vi. 

We have seen that the flatness of the characteristic curve m its approach to 
the origin is liable to lie a source of error in intensity determination. It is 







581 


Intensity Distributions in Molecular Spectra . 

therefore suggested that in all microphotometric work preliminary experiments 
should be made to determine the degree of fogging necessary to bring the 
plate into a condition represented by the linear part of the characteristic 
curve, and that such fogging should precede exposure to the spectrum. 

Another point of practical importance follows from the departure from 
linearity m the region of large density values. Such curves as those of fig 2 
above a density of 1*2-1 *5 begm to flatten out and ultimately approach a 
constant value of B. One would expect this, m that complete photochemical 
change of the emulsion obviously provides a maximum limit to the blackening. 
As a result of this, eye estimates of the intensities of strong bands will tend to 
be too low. 

Plate Sensitivity Variation .—It is easy to construct curves which show how 
the light intensity, in arbitrary units, required to produce a given optical 
density varies with wave-length. The curves show that there is a pronounced 
peak of relatively poor sensitivity in the green region, also that above X5700 
in the yellow region, the sensitivity gradually falls off This variation is, of 
course, not considered in eye estimates, 

5. Discussion of the Neutral Wedge Method . 

The neutral wedge method of Merton and Nicholson has the merit of extreme 
simplicity in principle The characteristic curves of the plate and the use of 
a microphotometer are not involved. It is, however, necessary to give the 
plates special treatment after development in order to define more clearly the 
end points of the lines or bands photographed Tins may be done by making 
successive contact prints on other plates till the required degree of contrast is 
obtained, or by careful “ cutting M of the plate with potassium femeyanide 
solution. This process removes a certain optical density from the background 
and from the line contour, but as the wedge spectrum of the standard lamp 
receives the same treatment it can be shown* that within reasonable limits 
no appreciable error should arise. To “ cut ” a wedge spectrum to the 
necessary extent it is in practice necessary to give a time of exposure many 
times as great as that which would be required for an ordinary spectrogram. 
A further slight disadvantage is the increase in length at the base of each line 
due to halation or irradiation. This has to be allowed for in measuring the 
lengths of the lines and with some experience it can usually be done fairly 
accurately. A point arising out of the wedge method seems to have escaped 


* 1 Phil. Mag / vol. 2, p. 5% (1926) 
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notice hitherto and will be explained in reference to fig. 4. The clear glass 
wedge is for convenience omitted and only the neutral glass wedge is repre¬ 
sented. It is of length L and angle a. A line of intensity 
I is reduced by the thickness x of absorbing material to 
the small critical value I d which will just produce appre¬ 
ciable blackening of the plate. The corresponding line 
of height A on the plate corresponds to a length A/m of 
the neutral wedge if m is the magnification of the lens 
system of the spectrograph. If we assume the absorp- 
r tion at the thin end is not zero, but a definite small 
quantity, then the “ ideal ” wedge may be regarded as 
of length L + I, say. 

We then have 

t t -fc, t + 

I e = Ie kx = le v »' 

therefore 



Fig. 4. 


0*434 k tana (l + ~l°gioj“‘ 


If D a is the optical density of the thick end of the wedge 
0*434 A (L + l) tan a = D A 
0*434 k tan a = d A , 


or 


where d K is the optical density gradient of the wedge. Hence 


I = 1,10 W A . antilog (Q'j . 


Now d K is a function of wave-length, and thus if the value of I can be deter¬ 
mined it should be possible to assess the variable factor 10 w *. In practice the 
factor I, 10 Wa should cause no difficulty in that it will be the same for both the 
band system under investigation and the standard lamp spectrum. As the 
ratio of these is involved in calculating the true intensities of the bands the 
factor is eliminated. 

We have attempted to use the wedge method for the Swan system as pro¬ 
duced in the five sources mentioned, but we do not use these data in this 
paper, being disposed to place greater confidence in those obtained by use of 
the microphotometer. 
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6. Potential Energy Functions of the Cg Molecule—Transition Probabilities. 

In the papers by Condon to which reference has been made, it has been shown 
that if we write the nuclear potential energy as a power series 

U(r) = w a (r - r 0 ) 2 + u z (r - r 0 ) 3 + u 4 (r - r 0 )* + ... 

the coefficients u v w 3 , w 4 , etc , may be evaluated for both initial and final 
electronic states from the constants of vibrational and fine structure analysis. 
Shea* has derived these coefficients from the known data of the Swan system. 
In a paper by Morsef a function is suggested which expresses the nuclear 
potential energy remarkably well over a wide range : 


U (r) = A + D c- 2 * - 2D e’ fl 


Here D is the energy of dissociation and is given approximately by (<&*/4a g x). 
A is a constant and a = 0*2454 Vp.o> # x, |J. being the reduced mass of the 
molecule. The Swan band origins are given by 

v = 19300-18 + [1792-77 (*' + J) - 19-35 (v' + $)*] 

- [1641*55 (v" + i) - H *67 W' + i) a ], 

from which we have derived the constants of the Morse formula for both 
electronic states. 

A' = 61717 D' = 41525 a' = 2 • 643 (r 0 ' = 1-265) 

A" = 58545 D" = 57727 a" = 2*053 (r 0 " = 1 *311) 

The functions are plotted to scale in fig 5, and the vibrational energy levels 
are marked. By Condon s graphical method we have derived the parabola 
which represents maximum probability of transition. This is superposed in 
its correct position upon the data of figs. 6 to 10 which give the transition 
probabilities derived from experiment. It should be remembered that the 
graphical derivation of the parabola is sensitive to small changes in the con¬ 
stants of the formula, and, making reasonable allowance for this, the agreement 
may be considered satisfactory. 


* 1 Phya. Rev.,’ vol. 30 f p. 826 (1927). 
t 1 Phya. Rev.,’ vol. 34, p. 67 (1929). 
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7. Experimental Data . 

In Tables I to V the experimental data of intensities are given. These are 
on a relatively correct scale taking the (£, £) band as 100. Now the intensity 
of a transition is proportional to v 4 (where v is the resulting frequency), to the 



Fio. 5.—Soule diagram U (r ); r for the initial and final states of the Swan system. 

number of molecules in the initial state, and to the probability of transition. 
Bach intensity has therefore been divided by a number proportional to v 4 
(the wave-numbers of the band origins were taken),* and these values are 
given in the tables below the intensities. The sum of such values of (t/v 4 ) for 
each v" progression is placed adjacent to the corresponding value of v 9 and is 

* ‘ Phil. Trans.,’ voL 226, p. 180 (1927). 
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yXf 0 I 2 J 4 S 6 7 8 

O) - 

S4~23 23 

M 

22 29 23\26 



Table I.—Values of I and I/v 4 . Cone of Bunsen Flame. 


Weight. 

X, v" 

V N. 

0 

1 . 

2 

3 

4. 

5 

fi. 

7. 

130 4 

0 

100 

71 

29 4 

29 5 

20 4 

29 «( 






73 i 

1 

31 <» 

lb 0 

31 0 

21 1 

17 2 

10 7 

13 0 

19 1 

10 4 

9 8 



i 


30 8 

2 

1 9 

0 7 

20 7 

10 2 

3 0 

2 0 

0 0 

8 1 , 




27 9 

3 


3 4 

1 2 

i __ __._ 1 

18 ft 

9 0 

0 0 

0-4 

11 9 , 

5 7 

a o 1 

7 3 

7 7 

10 0 



15 3 

4 



4 0 

1 4 

I 

2 4 

2 2 

4 8 

6 0 


7 7 

5 




H 5* 

3 1 


1 5 

1 3 

2 7 

3 3 

1 7 

6 



l ’ 



2 5* 

1 2 


0-6 

0-6 


* Values calculated by extrapolation. The sum was observed experimentally. 
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Fig. 7.— Transition probabilities. Swan bands—Oxy-ooal gas flame. 


Table II.—Values of I and (I/v 4 ). Cone of Oxy-Coal Gas Flame. 


Weight. 

i 

0 

i 

0 . 

1 . 

2 

3 

4. 

5. 

6. 

7 

146 2 

100 

71 0 

38 5 

38*7 | 

24 2 

36-5 






85 6 

1 

46 6 

22 9 

24 8 

171 

21*7 

211 | 

17 5 

24'5 





47 3 

2 

. 









34 6 

3 1 


4 1 

1 5 

23 6 

11 4 


10-1 

9*2 

9*0 

12*5 



10 0 

4 



2 3 

0 8 1 

15-1 

7 2 


4 7 

4 2 

6*1 

7-7 


0 0 

5 





9*6* 

4 5 


2*4 

2*1 

2*0 

2*4 

3*5 

6 


! 




5-5* : 

2*6 


1 1 

0*9 

13 

7 







2-8* 

1-8 



* Values calculated by extrapolation. The stem was observed experimentally. 






















587 


Intensity Distributions in Molecular Spectra. 



Fig. 8.—Transition probabilities. Swan bands—Carbon arc in H t . 


Table III.—Valuer of I and 1/v 4 . Carbon Arc in Hydrogen. 


Weight. 

v" 

v' 

0. 

1 

2. 

3 

4 

5 

6 . 

115 7 

0 

100 

71 0 

25 3 

25 4 

13 2 

19 3 


i 

i 

i 

i 


81 3 

l 








50 5 

2 

4 1 

1 5 

30 2 

14 9 ! 

4 9 

3 3 

10 1 

9 5 

15 8 

21*3 



30 4 

3 


6 4 

2 3 

25 5 

12 4 


8 1 

7 4 

6-4 

8 3 


15 a 9 

4 



103 

3 7 

16 7 

8 0 


3 3 

2 9 

1 0 

1*3 

5*7 

5 





10 0* 

4 7 


1 1 

1 0 

2 4 

6 






5* 

2 4 


0-5 

7 







1* 

0 5 


* Values calculated by extrapolation. The sum was observed experimentally. 























Values oaloulated by extrapolation. The sum was observed experimentally. 
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Fig. 10.—Transition probabilities. Spark under Glycerine, 


Table V.—Values of I and (1/v 4 ) Condensed Spark in Glycerine. 



* Values calculated by extrapolation. The sum was observed experimentally. 
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proportional to the number of molecules in the initial state («'), or, as we may 
say briefly, to the weight of this state. By taking the quotient of the (I/v 4 ) 
value of a band and the weight of the initial state we have a number proportional 
to the transition probability. These probabilities are given in figs. 6 to 10. 
In view of all the inherent difficulties of spectro-photometry the data of Tables 
I to Y may be in considerable error, perhaps withm limits of 25 per cent., but 
this represents a considerable advance upon the available data based on eye- 
estimates which may be in error by several hundred per cent. In the absence 
of several repetitions of the same work one therefore hesitates to draw con¬ 
clusions, but tentatively it may be suggested that experimental conditions of 
excitation seem to have an influence on the distribution of probability. We 
note, for example, the unusually strong probabilities in the 2 J sequence in 
the argon tube, and in the 1£ sequence in the spark under glycerine. 


8. The Vibrational Energy Distribution. Effective Temperatures. 

The first column of Tables I to V gives on an arbitrary scale the numbers of 
molecules in the various initial vibrational states, Assuming that it is a 
distribution m thermal equilibrium at temperature T we should expect 
N, = N of r (E ° /KT \ so that 

*0 W. (»' + £) - t*V, {V f m = KT log, Jk , 

and here 

1792-77 (v' + i) - 19-35 (v' + £) 2 = 1-6083 T log 10 N «- . 

By plotting vibrational energy against log (N 0 /N v . + |) we obtain tho absolute 
temperature directly. We have thus derived the following temperatures : 
Bunsen flame 4700°, oxy-coal gas flame 4700°, carbon arc m hydrogen 5000°, 
and spark in glycerine 6100°. These clearly bear no relation to the true 
temperature of the source and are evidence that there is no statistical equilibrium 
of the excited molecules with their surroundings under any of the exciting 
conditions. This may be connected with the fact that the C a molecule is 
produced m every case by the breakdown of another more complex molecule— 
probably in every case a hydrocarbon molecule—and the energy changes of 
these processes are quite obscure. When these processes are known precisely 
the above effective temperatures may prove to be a consequence of the energy 
equations of the dissociative processes. The vibrational distribution in Table 
IV is of an unusual character, and, if genuine, it would seem that it cannot be 
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explained on the classical statistics. In this field of work, however, a great 
deal of experimental data on other band systems is desirable before definite 
conclusions can be drawn. 

We should like, m conclusion, to thank Professor A. Fowler for permission 
to use the microphotometer of the Imperial College, and also Mr. Simmonds 
for help and advice in this connection. 

Summary. 

(1) The sources of error arising in photographic spectro-photometry over 
wide spectral ranges are summarised, and it is generally shown to be desirable 
to fog the plate on to the linear part of tho characteristic curve. 

(2) Tho neutral wedge method is discussed The eflert of appreciable 
absorption at the thin end of the wedge is shown to be eliminated by the 
usual procedure. 

(3) Peak intensities of the Swan system have been measured from calibrated 
photographs of the spectrum produced under five different conditions of 
excitation. 

(4) The vibrational transition probabilities are derived from these data 
and compared with the Condon “ parabola 99 of maximum probability. The 
latter was derived by use of Morse’s formula. 

(5) Study of the experimental data of the populations of the various initial 
vibrational states has shown that under none of the conditions studied is 
thermal equilibrium approached. Certain fct effective ” temperatures are 
derived and discussed. 
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The Motion of a Point-Charge as the Shortest Path in a Moving 

Medium.* 

By H. F. Biggs, Demonstrator in Physics, Oxford University. 
(Communicated by E A. Milne, F.R.S.—Received May 3, 1932.) 

§ 1. The Fermat Principle in a Moving Medium , and its Application to Electro¬ 
dynamics . 

The motion of a charge in an electromagnetic field can be described by a 
rather suggestive model. Put roughly, the world-line for a particle of charge e 
and mass m may be described as a four-dimensional “ shortest path " relative 

to a medium whose velocity (varying from point to point) is-- A, whore A 

me* 

is the four-dimensional electromagnetic potential, whose components are a a , 
a*, a z , i<f >; ( a xi a„, a B ) being the three-dimensional vector potential and tf> 
the scalar potential. 

The analogy with a ** ray of sound n may make the meaning clearer; in a 
wind that varies from point to point, sound actually travels from one fixed 
point to another by the path of shortest time. Some details of the analogy 
are:— 


Path of sound. 

Path of charged particle. 

Ordinary time, t 

Proper 1 imo, or interval, s 

Constant velocity of sound. 

Constant four-dimensional “ velocity ” of 
particle, of magnitude i and components 
dx/ds , dyjdsy dz\ds> icdtjds , where 

d8 2 = — dx 2 — dy 2 — dz 2 + c 2 dt 2 . 

Co-ordinates of sound-pulse, 

x, y, 2 . 

Co-ordinates of particle, x , y, z , wtf. 


Let us first imagine an n-dimcnsional (n — 3 or 4 m our applications) 
euclidean Bpace with an independent time t and suppose, filling this space, a 

* I find that there is a strong resemblance between the ideas hero set forth and those of 
London (“Erne qu&ntenmeohonische Deutung dor Theorie von Weyl,” * Z. Physik/ 
vol. 42, p. 375 (1927)). 
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medium with velocity V; that is to say, if a particle of the medium has 
co-ordinates x K relative to some fixed axes, dxjdx = V A . Suppose now that 
something identifiable, which we shall call a disturbance, travels through the 
medium with a constant velocity c relative to the medium (in the case of sound 
of course o is the ordinary velocity of sound, in the electromagnetic case, as 
hitherto, the fundamental velocity). Then in a time dr, if the disturbance 
has travelled from (x v ...) to (x x + dx v x 2 + dx 2 , ...) or, as we shall write 
it, from (as A ) to (x K + dx K ) t the displacement relative to the medium will be 
(d^) = (dx K — V x dT). 

But wc may now put dv = dsjc where ds is the displacement relative to the 
medium , such that da 2 = £ di; A 2 , and we have then 

A 

y 

d£ x * dx K -- ds = dx x — v A ds t 

c 

where* v — (v A ) = V/c is the ratio of the velocity of the medium to that of the 
disturbance, or the value of the velocity of the medium when the unit of t is 
so chosen that c — 1. 

We have therefore 

ds 2 — £ (dz A — v K ds) 2 . (1) 

A 

Now let us develop the equation for the shortest path relative to the medium, 
which by Fermat's pnnciple gives the actual path m the ease of sound, namely 

8 J ds = 0 or j Sds = 0. 

the end-points of the integral being taken as fixed Equation (1) then gives 
2 ds 8 ds JS £ ( dx K — v A ds) 2 

Sds^lSXi^-v.f ds, 

so that 

A I 8 Z(^-v„fds = 0. 

~ J ds 

Developing this in the usual way (as for instance in Eddington, “ Tbc 
Mathematical Theory of .Relativity,” p. CO) wo find 

(2) 

where we omit the £ by the usual summation convention. 


2 R 


VOL. CXXXVJ1.—A. 
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But for the first integral we have 


!*($)(&-*)*-f 5*'®-*)* 

which becomes on integrating by parts, since $z A = 0 at the limits, 

- i 8l > £ ® 

In evaluating the second integral of ( 2 ) we have 


so that the term gives 


— 8 ** ^ , 

ox h 




which becomes on interchanging dummy suffixes X and p. 




Addmg (3) and (4), we then have 




whence we deduce, since the 8 r A are arbitrary, 


d*x K dv K dv„ (dx 


ds 2 ds dx x \ ds 


= ^ Sv h /dx u v 


dxp ds dx x \ ds 7 

-(&-£)*+*&■ < 5 > 

But, gomg back to electrodynamics, we may write for the four-dimensional 
force-vector K acting on a point-charge e, in our present notation, 

KA = e“sF AM , (6) 

c 

where K h%z is the ordinary force, F 23i31tl2 = H and F 14> Ui 34 = — iE f 
and the first three components of u give the velocity of the charge in the 
ordinary sense. 
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We now replace K A and w M by the true (special) relativity vector components. 
Since 



k a 

I 

■ 

(X = 

1. 2, 3), 

(7) 

approximately, we write 





K* = 

2 (t*X\ 

c w o XT > 

(X = 

1, 3. 3, 4), 

(8) 

where m Q 

is the resting mass. 




Also 








“ft = 

c 

ds ’ 


0) 

while 








ll 

dx, 


(10) 


Substituting, therefore, from (8), (9) and (10) m (6), we find for the four- 
dimensional equation of motion of a point-charge 

__ (3Aa _ nn 

ds 2 w,/ j 2 ds \ftr M dz x /' ' 

This is equivalent to the terms of the first order m v^ in (5) if we put* 


v* = 



( 12 ) 


To verify that equation (8) is the correct form according to the classical 
relativity theory, and that we are justified in generalising from (7) to (8), we 
consider the electrostatic case where the only component of A is A 4 = i$. 
Wo then have, putting X = 1 and (i = 4 only, for i 0 


where 

or 


c 2 * 2 (l - p 2 ) 


e _ to dt 

c dt Vi — P 2 



p 2 = (dx 2 + dy 1 + dz 2 )jc 2 dt 2 


m 0 d z x 

Vl - p 2 dt 1 




thus checking with the well-known relativity expression for the transverse 
mass, 

m — 


* It nhould be noticed here that the “ medium ” moves like a four-dimensional incom¬ 
pressible liquid, since the four-dimensional divergence of A, and therefore of v, ia aero. 


2 R 2 
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The analogy expounded above is perhaps only a curiosity. Certainly there 
can be nothing very like an absolute velocity representing the vector A, since 
electrons and protons react to a given A not only to vastly different extents 
but in opposite directions. 

We must here make clear exactly what is supposed given, and what is 
determined by the minimum principle m the two cases. For sound we suppose 
the end-points given only in space ; the minimum principle then determines 
the trajectory of the waves, including, of course, the initial direction, and 
when this is found, the length of the trajectory gives to a first approximation 
the time taken by the sound. In the electromagnetic case, the end-points are 
given in space and time The trajectory is then given by the minimum principle, 
both as to space and time, i e., the four co-ordinates are given as functions of 
a single variable' 1 ' 8, the proper time, or the interval measured along the trajectory ; 
the initial four-dimensional direction gives the initial velocity in the ordinary 

I-u 

sense ; and finally we get the proper time along the whole path, J ds , analogous 

to the time m the sound case. This interval, or proper time, between the end¬ 
points is not, of course, equal to the interval m the usual sense given by 
8 2 = cH* — AB 2 , except in the case of a straight trajectory, i e , for zero field, 
for a neutral particle or a particle of infinite mass. It is, in fact, proportional 
to the action , and this whole treatment has points of resemblance with 
SchrodingorVf papeT on the Hamiltonian principle of minimum action. 

The analogy to the fixing of the initial direction of the sound-path is the fixing 
not only of the spatial direction but also of the magnitude of the particle’s 
velocity. For instance, if A and B are two points m a plane S normal to a 
given uniform magnetic field H, an electron may be made to travel from A to 
B in any given time-interval t, the velocity and direction of aim bemg com¬ 
pletely determined. The path is a circle in the plane S, whose centre is 

eUt 

the point where AB subtends the angle coi = —. This determines geo- 
r me 

metrically the initial direction, and also the radius r, which in turn determines 

the velocity rco 

* Since, as we see in the next section, we must take the absolute magnitude of the four- 
dimensional velocity to be unaltered by the field, an element of four-dimensional trajectory 
will have the same value as the corresponding ds, the displacement relative to the medium 
as dealt with above. It does not seem worth while, therefore, to use a different symbol 
such as ds* for the element of trajectory, though the meaning of ds is here rather different 
from what it was before. 

t * Ann. Physik,’ vol. 79, p. 361 (1926). 
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§ 2. Discussion of the Term of the Second Order in the Velocity of the Medium 

in (5). 

The last term in (5) for the case of sound seems to have no counterpart in 
the electrical case This term may be written as grad v a /2 and is the accelera¬ 
tion of the air in the case of steady flow, fn the electrical case it would give 
a term in the ordinary acceleration equal to — J^grad (^ a )/(wV) cm./sec.* 
since v 4 = ej(mc 2 ) %</>, but it would seem to bo too materialistic a view of the 
medium to suppose that it had an acceleration which it imparted to the particle. 
Besides, the value of this term depends on the zero of potential, which hitherto 
has been considered as placed at infinity only by arbitrary choice. Moreover, 
the effect of this term could hardly have escaped notice since in actual experi¬ 
ments on electronic deflection it is of the same order as the relativity correction. 
It is true that determinations of cjm for the electron shows a discrepancy,* 
Wolfs*)* accurate deflection method giving a value half a per cent, higher than 
the spectroscopic method. But Wolf's observation chamber was earthed, so 
that if the earth is at zero potential, the effect of the term in question would 
have been an increased velocity and therefore too small a value for e/m when 
the velocity is calculated in the usual way. Thus the term is of the wrong sign 
to account for the discrepancy. The effect of the extra term on the deter¬ 
mination of ejm from the comparison of tho Rydberg constants of H and He + 
cancels out in the working, and the effect on the Zeeman shift would obviously 
be zero. 

If then we regard (11), or (5) without the last term, as the true equation, the 
acceleration will always bo normal to the velocity, since w< have for the scalar 
product 

dr a a c o t \ dtif a dx^ 

ds ds 2 ' dx K ds ds ’ 

which will vanish identically. Thus the velocity will still be of constant 
magnitude and the field can change only its direction. 

§ 3. Simple Deduction of Curvature of Path for Tuxhdi mensional Motion . 

The first-order terms of (5) which are perhaps the only tTue terms in the 
electrical case, and give a very close approximation in the case of sound, may 
be given a very easy geometrical interpretation, which we shall follow out for 

* R. T. Birge, * Phys. Rev.,* vol. 33, p. 266 (1029). 
t ‘ Ann. Physik,’ vol. 83, p. 884 (1927). 
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the simplest case of a sound-wave. Suppose there is a wind blowing hori¬ 
zontally in a fixed direction, but with constant velocity-gradient upwards. 
Let sound be travelling directly down the wind and therefore in a vertical 
plane. Then if the x and y axes are taken tangential and normal to the path 
at any point P, the curvature of the path is by (5) given by the single term 

d?y _ / dvy __ dv x \ dx 
ds 2 \ dx dy ! ds 1 


omitting the second order terms in (5) as negligible, by hypothesis, or, since 


ds = dx 


1 __ d 2 ^ __ dv y dv x 
p dx 2 dx dy 


| curl v | 



const., 


(13) 


where X and Y are horizontal and vertical directions. 

The quasi-geometrical reason for this is as follows If an arc of length s 
and curvature 1 /p is given a constant displacement dn normal to itself along 
almost its whole length, while its ends are kept fixed, the increase of length is 
s dn/p (as familiar m the theory of the bent beam) or 

I f ds = 8 A/p, (14) 


where $A is the area swept out. But when 8 is the actual path, this excess of 
length is balanced by the greater drift down the wind along the displaced 

path. For the increase of drift will be v . da' — j v. ds or (j) v . ds 
round the area, or, by Stokes’s theorem 

|curlv|SA. (15) 

Remembering that the units have been appropriately chosen, we may equate 
(14) and (15), thus finding (13). 


§ 4. Larmor Precession and Spin Energy . 

In the case considered (curl v = const.), the path of sound is a circle, in 
close analogy with the circular path of a charge travelling m a plane normal 
to a uniform magnetic field. The angular velocity of the sound-pulse or the 
charge respectively in its circular path is equal to the curl of the velocity of 
the medium, or twice the local angular velocity of the medium itself. Thus in 
ordinary units, electrodynamics gives for the angular velocity co of the charge 

£!L 2 LJJ = m<o*r in magnitude. 



Motion of a Point-Charge . 


599 


where u is the velocity of the charge in centimetres per second, or 

eu X H 

therefore 


= — mu X 


m — — — H — — — curl A, 
me me 

— c curl v 

i 

where v is the velocity of the medium given by (12). 
Half of this, or 


is the angular velocity of the Larmor precession, and we then have 

o ~ \e curl v, 

where the right-hand side is, by elementary hydrodynamics, the local angular 
velocity of the medium The factor c only appears because o and v are referred 
to different units of time. Thus the plane of a processing orbit is, as it were, 
carried round by the medium. 

Again, the energy of a spinning electron or proton when oriented parallel 
or antiparallel to a field H, has its counterpart m the model. For the magnetic 
moment is 

f = i -L. 

^ 2 tz 2 me ’ 


where m is the mass of the electron or the proton, so that the energy in the 
field is 


(xH = A h = ^ = Av, 
2tt 2mc 27c 


where v is the frequency of rotation of the medium corresponding to the local 
angular velocity o. It must, of course, be borne in mind that the velocity and 
angular velocity of the medium depend on the mass of the particle we are 
considering. 

The accelerated motion of a charge down an electric field can, of course, also 
be considered as a path in which the “ direction of motion ” is changing at a 
uniform rate; for if we regard a uniform ordinary velocity as an angular 
disjdacement of the four-dimensional velocity from the time-axis, a uniform 
acceleration will give a constant angular velocity, in the same sense, but since 
these components of angular velocity are imaginary (mathematically}, there 
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are no corresponding frequencies, and therefore no energy of orientation in the 
electric field. It is therefore not necessary to suppose, as had been suggested 
from considerations of relativity symmetry,* that an electron possesses an 
electric moment as well as a magnetic moment. 

§ 6. Connection wxth the de Broglie Waves . 

The analogy we have traced, of course, suggests that the physical basis for 
the principle of the minimum path may be the same m the two cases, and 
therefore invites us to connect the path of a charge with wave-mechanics. 
First we must get clearer what is the exact analogy with the velocity of the 
sound-waves. Though the treatment at first sight seems to imply that the 
fundamental four-dimensional velocity is that of the waves at whose point 
of reinforcement the particle exists, a more consistent picture is got by 
imagining that the u waves ** are stationary in the field-free case (not standing 
waves in the usual sense, but a configuration fixed in space-time), and that any 
particle or any point of three-dimensional space of necessity moves through 
this world across the wave-gnd with the fundamental velocity Thus the 
de Broglie frequency v = m^/h for a stationary particle tn 0 is regarded as the 
frequency with which a point, stationary in space, but necessarily “ moving 
through time ” with the same velocity as the particle, crosses the “ lines ” 
(really three-dimensional contmua) of the grid. If we have a system of space- 
axes (x\ y\ z') relative to which the particle is moving slowly in the ordinary 
sense, i.e., a space-time system m which the world-line of the particle is inclined 
at a small angle to the time-axis, the wave-gnd is still normal to the world¬ 
line of the particle, and hence the space x'y'z' in which the particle lies, i.e., 
the plane space t'(p) = (particle), crosses the grid at a small angle, and, moving 
across it with the same fundamental velocity in a slightly different direction, 
cuts any given crest of the grid m a two-dimensional locus which has a great 
velocity inversely proportional to the angle of intersection and therefore to 
the velocity of the particle. That is, the phase velocity is u = o*/v in ordinary 
units. To treat this velocity u as a true velocity of propagation is to follow a 
false analogy; it is more closely analogous to the great velocity with which 
a wave-crest on water is seen to run along a wall inclined at a small angle to 
the wave-front. The fact of having an apparent velocity greater than that of 
light therefore does not seem to be a valid objection to the reality of the 
waves. 


* Frenkel, * Z. Pbysik,* vol. 37, p. 243 (1926); vol, 47, p. 736 (1928). 
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The tracing out of the path of a particle by Fermat's principle may now be 
described as follows. First, in a force-free region, the particle must travel 
through Bpace-time with velocity of constant absolute magnitude. The 
direction of this velocity is what is determined by the Fermat principle. 

Given the direction at any moment, we construct the stationary wave-grid, 
ruling parallel, three-dimensional spaces at the interval 

A A a C A fa 

As = cat — - = c —; — — cm. 
v m 0 c* 

(the interval is always time-like, though its unit is here the centimetre or light- 
centimetre). Having got this grid, we vary the conditions slightly by varying 
the initial direction of motion and varying the grid at the same time, keeping 
it always normal to the varied direction. The locus of reinforcement of the 
gnd will then be the normal trajectory of the original grid, which in the force- 
free case is the straight lino in the original direction. 

In an electromagnetic field, the grid itself is to have a velocity — eh/mtf? 
and if this vanes from point to point, the grid will be distorted, but the particle 
will still travel along the distorted line of reinforcement with constant velocity 
relative to the grid. 

§6. We can now proceed to find the differential equation for the wave- 
function, which has a remarkable resemblance to Dirac's equation for the 
electron, but involves no symbols other than those denoting ordinary four¬ 
dimensional vectors and scalars. 

For a system of plane waves we write the wave-function 


where co/27r is the frequency, n/2n the wave-number, n a vector normal to the 
waves, of magnitude n, p the position vector (z, y } z) and a. p the three- 
dimensional scalar product. But m a field-free region the frequency of the 
de Broglie waves is E/A and the wave-number is M/A where E and M are the 
energy (me 3 ) and momentum (mV) of the particle, so that u becomes 


The exponent can now be written 
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where the scalar product is four-dimensional in this last expression, and p, 
o, are the four-dimensional vectors formed by supplementing mV and p 
respectively by components ime, id in the time dimension. 

But fi is times the fundamental velocity-vector drawn in the direction 
of the particle's motion or world-lint'. We shall, as before, regard the latter as 
a unit vector and denote it by s so that we write 

Thus 

_ m 0 ra 9 

u = ae x 

The differential equation for u will then be 

grad u = — - ump grad (s , o) 

(four-dimensional grad) 

1 

=- UYtlrp 8 , 

X 

For the case where there is a field, we shall keep i to mean the velocity of 
the particle, which we have found to remain of unit magnitude, but m the 
equation we must replace 8 by s — v, the velocity relative to the medium, 
where v is given by (12). 

We thus find 

grad u — -/Nflcvu — — - mx su 
X X 

or 

grad wH-A u= - mx su 

Xc X 

or 

k*(i- +--A a )m + ^ C *8 « = 0, (16) 

'Ox k x c ' X 

where k A are the ordinary unit vectors in the four co-ordinate directions. For 
comparison we write down m similar notation Dirac’s equation as made 
symmetrical by Sommerfeld (“ Wave Mechanics,” ch. 2, p. 10, equation (5)): 

«A (£- + - - A a ) w + u = 0, 

X c X 

where <x A are symbols which denote neither vectors nor scalars, but have rules 
of combination of their own. I have not, however, succeeded in connecting 
the angular momentum of spin with equation (16) as Dirac does with his. 
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In § 1 an analogy is traced between the equation of motion of a point-charge 
in the electromagnetic field and that of a sound-pulse in a medium moving with 
varying velocity, both being derived by the same development from similar 
Fermat principles. The (four-dimensional) velocity of the medium ” m the 
electromagnetic caBe is found to be —eA jm^ where A is the well-known 
four-dimensional electromagnetic potential. 

§ 2. This model, however, introduces a term grad (A 2 ) into the expression 
for the acceleration of e ; a discussion shows that this term probably has no 
physical meaning and must be omitted, 

§ 3. It is shown that for two-dimensional motion the curvature of the path 
can be deduced very simply from the Fermat principle. 

§ 4. It is shown that tlve Larmor processional velocity is equal to the “ local 
angular velocity of the medium ” and that the energy of the spinning electron 
in a magnetic field is equal to h times the corresponding “ frequency of rotation 
of the medium ” 

§ 5. The Fermat principle is explicitly connected with the de Broglie waves, 
these waves being considered stationary in space-time while any particle 
moves across them with the fundamental velocity. 

§ 6. A differential equation is derived for the wave-function of a point-charge, 
analogous to Dirac’s differential equation but containing only vector and scalar 
quantities. 
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The Kinetics of Electrode Processes. Part I .—Depolarisation Effects 
by Hydrogen and Oxygen at Platinum Electrodes. 

By J- A. V. Butler, D Sc., and G. Armstrong, B.Sc., University of Edinburgh. 

(Communicated by J. Kendall, PR8 —Received May 9, 1932 ) 

Introduction. 

Tafel in 1905* observed that the hydrogen overvoltage could be expressed 
as a function of the current density by the equation i = jfce~ bV , and that tho 
constant b was approximately equal to F/2RT, where R is the gas constant 
and F the electrochemical equivalent. Bowdenj has recently shown that the 
dependence of the constant b on the temperature required by the relation 
6 = F/2RT holds for tho liberation at the anode and cathode respectively 
of both oxygen and hydrogen. 

In a recent paper Gurney has examined the quantum mechanics of the 
transfer of electrons between a metal and ions in the solution and has shown 
that a relation of this kmd, with the observed factor, may arise from the con¬ 
ditions of this transfer [ He gives as the necessary conditions for the transfer 
of electrons from the electrode to positive ions in the solution, or from negative 
ions to the electrode as E, > + V§, E_ <<P + V, respectively, where 

<1> is the thermionic work function of the metal and E + , E_ the neutralisation 
potentials of the ions. In the extended form of the theory these arc defined as 
E 4 = I + — W + — R + , E_=L + W. + R_, where I + , I_ are the ionisa¬ 
tion potentials of the ions, W the hydration energies, and R + , R„ 
quantities representing the repulsive potential energy between the solvent 
and the ion at the instant after its neutralisation. By integrating the prob¬ 
abilities of transfer between ions for which these conditions are satisfied he 

* 1 Z. phys. Chem.,' vol. 50, p. 641 (1905). 

t 4 Proc. Roy. Soo.,' A, vol. 126, p. 107 (1929) 

X • Proc. Roy. Soc.,* A, vol. 134, p. 137 (1931). Earlier expressions for tho rat© of trans¬ 
fer of electrons from a metal to ions in solution were given by Butler, * Trans. Faraday Soc., 9 
vol. 19, p. 734 (1924), and by Erdy-Griiz and Volmer, * Z. phys. Chem.,' A, vol. 150, 
p. 203 (1930). These were, however, incapable of giving the required factor 2 in the 
expression 6 — F/2RT; in Gurney's theory this arises from a consideration of the forces 
between the neutralised ion and the solvent molecules. 

$ The sign of V used here is the reverse of Gurney's. We shall throughout give V the 
sign of the potential of the electrode with respect to the solution. 
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obtains, on certain assumptions, the expression % = &'T« ±FV/2JlT where the 
positive (negative) sign applies to the discharge of negative (positive) ions. 

According to this calculation the rate of transfer of electrons from the electrode 
to hydrogen ions at the reversible potential V 0 is % = 4 , Te“ KV#/2HT . When an 
electrode remains at the reversible potential without the passage of any 
current it is evidently necessary that there shall be some other process whereby 
electrons (or the equivalent charge) are transferred in the opposite direction 
at the same rate. This flow of electricity may come from (1) the ionisation of 
hydrogen molecules in the solution, (2) the ionisation of hydrogen adsorbed 
on the surface of the electrode, (3) atomic hydrogen dissolved m the metal 
yielding positive hydrogen ions to the solution by the process H H h (solution) 
+ e. Mechanisms of the reversible hydrogen potential could be constructed 
on the basis of cither of these processes, but that which is actually operative 
can only be discovered by an investigation of the energy relations underlying 
each or by experimental study of the conditions under which such processes 
take place. 

The condition for the transfer of an electron from molecular hydrogen in 
solution to the electrode, according to Gurney’s theory, is 4> + V > I — W, 
where W is the negative potential energy of the ion II + 2 at the instant of forma¬ 
tion. The first stage ionisation potential of the hydrogen molecule is 15*3 
volts, and W can hardly bo greater than 6 c-volts. It thus appears to be 
improbable that molecular hydrogen can give electrons to the metal when V 
is less than e H = + 4 volts. There is no information available as to the 
energy levels of adsorbed atoms and molecules. The considerable heats of 
adsorption observed by Taylor and others in cases of “ activated adsorption ” 
would probably imply a corresponding reduction in the ionisation potentials, 
which may enable Gurney’s condition to be satisfied at more negative values 
of V for substances adsorbed in this way. 

The experiments to be described were designed to elucidate the electromotive 
behaviour of hydrogen and oxygen at electrodes. Bowden* has recently 
investigated the anodic and cathodic polarisation of platinum electrodes m 
dilute sulphuric acid saturated with hydrogen and oxygen, using mainly current 
densities greater than 10 X 10 -3 amps t /cm. a . It will be desirable to give at 
the outset a brief summary of his observations. 

Hydrogen Saturated Solutions .—If the current density is sufficiently large, 
on anodic polarisation the potential changes linearly with time from near the 


* * Proc. Roy. Soo., f A, vol 125, p. 446 (1929). 
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reversible hydrogen potential to near the potential at which oxygen is liberated. 
The quantity of electricity required for this linear change is 3 X 10~ 8 coulombs 
for electrodes having an actual area estimated at 3*3 cm. 8 . With electrodes 
which have been previously used, the potential may remain constant for a 
time at the reversible hydrogen potential before the linear change occurs. 
There is also a small kink in the linear part at e h = + 0*62 volts. When the 
current is reversed after the anodic polarisation the potential rises linearly to 
e H = + 0*62 volts, remains constant for a time at this value and then passes 
linearly to near the reversible hydrogen potential. The total quantity of 
electricity required for the two linear changes is also constant at 3 X 10“ 8 
coulombs. 

Oxygen Containing Solutions .—The potential of a platinum electrode in 
oxygen saturated solutions is about e n = +0’87. After anodic polarisa¬ 
tion it returns, at open circuit, very slowly to this value and after cathodic 
polarisation it remains for a short time near the reversible hydrogen potential 
and then falls quickly to the same value. When the electrode is polarised 
anodically and the current is then reversed, the passage of about 1 X 10“ 8 
coulombs brings the potential to +0*62 volts, at which an arrest occurs 
similar to that in hydrogen saturated solutions. After a time the potential 
rises linearly to near the Teversible hydrogen potential, about 2 X 10' 3 coulombs 
being required. 

Bowden regarded +0-87 volts as the potential of platinum oxide in solu¬ 
tions saturated with oxygen, and +0*62 volts as the potential of this oxide in 
solutions saturated with hydrogen (probably representing the reduction 
potential of the oxide to platinum and water). He suggested that the constant 
quantity of electricity, viz , 3 x 10“ 8 coulombs, required for the linear changes 
of potential in the passage from the reversible hydrogen potential to that at 
which cxygen is evolved is a measure of the amount of electrolysis required 
to replace a mono-molecular layer of hydrogen at the electrode surface by 
one of oxygen. 

Experimental Methods, 

Rapidly varying potential differences were recorded by means of a Cambridge 
Einthoven string galvanometer, used in conjunction with a thermionic valve, 
as shown in fig. 1. The movable contact C, which could be placed in either 
of the mercury caps A, B, enabled either the electromotive force of the experi¬ 
mental cell or known electromotive forces from the potentiometer P to be 
applied to the grid of the valve V. An Osram HL 210 valve was employed. 
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with a grid bias G of 3 volts and a plate voltage of 56 volts. The anode current 
passed through the string S of the galvanometer which was heavily shunted 
by the resistance R. The movements of the string, together with time marks 
at intervals of 0*04 second, produced by the Cambridge Instrument Company’s 
time-marker controlled by an electrically maintained tuning fork, were photo¬ 
graphed on strips of bromide paper in the paper camera of tho same firm. This 
arrangement has the advantage that the sensitivity can be varied enormously 
by varying the shunt resistance R, and also, if necessary, the plate voltage 
and the grid bias G, and it is possible to obtain a high sensitivity without unduly 
increasing the period of vibration of the string. As normally used when the 
range of variation of the applied potential difference was about 2 volts, the 
sensitivity on the film was 2-3 mm. per 0*1 volt, and when the applied potential 


// T 



difference was suddenly changed from 0 to 1-7 volts the time roquirod for the 
string to take its new position was less than 1/200 second. The displacement 
of the string does not vary exactly linearly with the potential difference. A 
calibration was therefore obtained on the record during each experiment by 
connecting the movable contact C with tho cup fi and turning the voltage dial 
of the potentiometer. A series of steps were thus obtained on the record, 
corresponding to intervals of 0 -1 volt. The grid current of tho valve with the 
grid bias employed is of the order of 10“ 9 amps , and is negligible compared 
with tho polarising currents. 

For the observation of slowly varying potential differences a Lindemann 
electrometer was used in conjunction with a potentiometer. With this 
arrangement potential differences could be determined with an error of about 
±0-002 volts. 

The experimental vessel is shown in fig. 2. The vessel B contains the elec¬ 
trodes which are to be experimented upon (only one, D, is shown in the diagram). 
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The tube C, which is connected with B by a bent tube, contains the auxiliary 
electrode E between which and the experimental electrode D the electrolysing 
current is passed. The solution is freed from oxygen and saturated with 
hydrogen in another vessel by alternately pumping out and filling with pure 
hydrogen. The electrode vessel and its connect mg tubes are carefully swept 
out with hydrogen, and the solution introduced through the tube Y by suction 
applied at the trap T or at Y. S is a standard electrode by reference to which 

the potential difference of D is measured. 
Contact with this electrode is established 
by sucking up the solution from the 
|i vessel B above the tap U and then run- 
I mng the solution from the reservoir R 
,r 7/ y until it makes contact with it. A mer¬ 
curous sulphate electrode m normal 
sodium sulphate solution was usually em¬ 
ployed as the standard electrode. Its 
potential difference on the standard 
hydrogen scale is e H = + 0*66 volts. 

The electrolysing current was obtained 
from a high-tension battery with suit¬ 
able resistances in series. The current 
was measured during or immediately 
after each experiment by determining by 
means of the potentiometer the fall of 
potential down a known resistance 
through which the current passed. It 
was found to be essential to have every part of the apparatus, and particularly 
everything connected with the high-tension battery, carefully insulated on 
sheets of glass supported by paraffin blocks. 

The Behaviou/r of Platinum Electrodes m Dilute Sulphuric Acid,. 

(1) Experiments with Platinum Electrodes in Hydrogen Saturated Solutions .— 
We have usually worked with current densities between 1 and 30 milliamperes/ 
cm. 8 , i.e.y with somewhat smaller currents than those used by Bowden. The 
electrolyte was N /10 sulphuric acid, and the platinum electrodes employed 
had an apparent area of approximately 1 cm. 2 . Experiments on the quantity 
of eleotricity required to establish the hydrogen overvoltage, in solutions 
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carefully freed from oxygon, showed that about 1*5 X 10 6 coulombs were 
required to raise the potential by 100 millivolts. The effective area, by 
comparison with Rideal and Bowden’s value 1 * 1 for mercury electrodes (6 X 10“ 7 
coulombs per cm. 2 ), which we have confirmed, is about 2*5 cm. 8 . 

Some typical examples of the behaviour of the electrodes are shown m fig. 3. 
The various electrodes employed are distinguished by the letters D, F, etc. 



Fiu. 3—Anodic polarisation of platinum electrodes m hydrogen saturated solutions 


1)4 

1 95 x 10 - J amps. 

FI. 

3 7 

X 10 3 ampH 

D5. 

11*4 X 10 * amps. 

V2. 1 

13 K 

" 10 ampH 

DIO 

1,1. 

8 2 X 10amp* 

0 006 x 10-* nnipti. 

Ml. (I 37 

< 10 “ J amp* 


The electrode D was a small piece ol platinum foil having both sides exposed 
to the solution and the electrode F was coated willi paraffin wax on one side, 
the side exposed measuring 1 cm. 2 . This electrode was placed horizontally 
in the solution with its uncovered side downwards, fig 2. In the experiments 
D 4 , D 5 , D 1Qj V v F a the electrode was first polarised negatively until the hydrogen 
overvoltage was established and the current was then reversed The curves 
I) 4 and Fi were obtained with electrodes which had never previously been 
anodically polarised, while D 6 , D i0 and F a were obtained by similar subsequent 
polarisations of the same electrodes. 

The potential of the reversible hydrogen electrode m this solution is 
c H = — 0*06 volts. After the preliminary cathodic polarisation, but before 
the anodic current was started, the potential of the electrode was usually 
between —0*2 and —0*3. On restarting the current, making the electrode 
the anode, the potential falls very rapidly, at a rate which agrees with the 

* ‘ Proc. Roy. Soc.,* A, vol. 120, p, 59 (1928). 
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figure given above for the establishment of the hydrogen overvoltage, to below 
the reversible hydrogen potential . The potential at which this rapid fall comes 
to an end is displaced more towards positive potentials the greater the current 
density, as can be seen from the values listed under A in Table I. 


Table I —Platinum in N/10 Sulphuric Acid Saturated with Hydrogen. 


Experiment 

Current (ampe ). 

A. 

1 B. 

! 

n 4 

I 95 a I0-* 

+0 31 

ca ^ 0 5 


6 II a 10 s 

fO 30 

— 

D,. 

ft 2 > l<>-» 

+0 46 

+ 0 35 

D, 

11 4 / 10 » 

+0 38 

+0 36 


i:« o x io-» 

+0 40 

+0 3 


3« OxW 

ca -fO 66 

+0 2 


In the subsequent course of the curves five stages can be distinguished which 
are developed to different extents — 

(a) A stage in which the potential remains nearly constant as in D 4 , D B , or 
falls linearly at a slow rate as with the wax-coated electrode m F x , F a . 
In D 10 this stage is very short. 

((3) This leads to a more rapid, almost linear, fall of potential from about 
+0-6 to 1-0 volts The amount of current required to produce this 
linear change (about 0*7 X 10 3 coulombs per volt) is approximately 
independent of the current density, increasing somewhat as the current 
density is increased. 

(y) Between +1-0 and +1*4 volts the rate of fall of the potential decreases 
again. The length of this slower stage is shorter the greater the current 
density. In an experiment with the current of 36 X 10~ 3 amps, this 
stage was inconspicuous. 

(8) The rate of fall of the potential again increases giving once more an 
approximately linear slope, which is greater the greater the current 
density. 

(e) The rate of change then diminishes, and a constant value is finally 
reached at the potential at which oxygen is steadily evolved. 

For comparison with these curves L x and show the anodic polarisation of 
electrodes which have not been given a prelimmary cathodic polarisation. 
The initial potential is low, viz., about +0*5, owing to the presence of traces of 
oxygen. The potential falls quickly at first, and only stages (y), (8) and (s) 
appear. 
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In moat of these experiments the current was again reversed w-hen the 
electrode potential had reached a steady value, corresponding to the liberation 
of oxygen. During the momentary stoppage of the current the potential 
rises to about +1-6 volts. Its course on making the electrode the cathode 
again is showrr for some typical cases in fig. 4 Except at the smallest current 



Fig 4 —Cathodic polarisation of electrodes after previous anodic polarisation 
I>4. 1 95 X lO** amps. 1)8 3*(l s 10" 1 amps 

1)5 11 4 10 amps. F2 13 8 lO-’ampci. 

D9 No current 

density the potential rises extremely rapidly to about +1*6 and the curves 
show marked breaks at potentials between +0*2 and +0-5 volts. The 
position of this break also depends on the current density, being displaced 
further towards negative potentials the greater the current The position for 
different current densities is given under B in Table I. After this the potential 
rises almost linearly to somewhat above the reversible hydrogen potential 
and soon reaches a constant value It may be observed that at high current 
densities the potential rises initially a little higher than the position of the 
break and returns to a lower value. At low current densities a definite break 
is not observed, but is represented by a point of inflection in the curve. The 
curve D q , which is plotted on a longer time scale, represents the natural recovery 
of the potential when no current is passed. Its Rlope is greatly dependent on 
the length and intensity of the previous anodic polarisation, and a more 
detailed study of it will be given at a later stage. The particular example 
shown was obtained with electrode D, in an experiment in which the anodic 
current was stopped as soon as the potential had reached -f-2-0 volts. After 
longer anodic polarisation the initial rise of the potential is steeper and the 
break at about +0*86 more marked. 


2 s 2 
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In order to elucidate the effect of the current density on the position of the 
arrest the following experiment was carried out. An electrode was given 10 
seconds anodic polarisation with a current of 13*6 milliamperes, An equal 
current was then passed in the opposite direction for a time sufficiently long 
to take the potential on to the arrest, at about +0*43 volts, when it was 
stopped. The potential immediately fell to +0*85 and remained constant. 
On starting the current again, still cathodically, the potential rose to near the 
original value of the arrest. The same changes of potential were repeated on 
stopping and restarting the current again. It thus appears that the arrest 
observed on returning from positive to negative polarisations is due to a process 
which gives rise at zero current to a constant potential at about +0*85 volts. 
The positions observed during the passage of current, fig 4, must be regaided 
as displacements from this position produced by the current 

The apparent potential of the arrest would be displaced towards the negative 
by the inclusion in the measured value of part of the fall of potential due to the 
passage of current through the electrolyte We have examined the effect of 
varying the position of the tip of the tube L with respert to the electrode D, 
%• 2, but no significant displacements of the potential, with the current 
densities used here, could be obtained even when the tip of L was brought 
below the electrode. The alignment of the electrode was also without influence, 
for similar curves were obtamed with vertical electrodes having both sides 
exposed to the solution and horizontal electrodes having the upper side waxed. 

(2) Experiments with Platinum Electrodes %n Oryyen Saturated Solutions — 
Platinum electrodes in M/10 sulphuric acid saturated with oxygen usually had 
a potential about +0*85 volts. On the first anodic polarisation the potential 
often falls comparatively slowly (curve I, fig. 5), but in subsequent anodic 
polarisations obtamed after the potential has risen at open circuit to about. 
+1*2 volts, much steeper and concordant slopes are obtained (curve 11). 
When the current is reversed after the anodic polarisation, the potential rises 
at first linearly at the same rate (curve III). As a result of a number of con¬ 
cordant experiments with electrode D, we found that in these linear changes 
0*85 X 10“ 6 coulombs were required to change the potential by 0*1 volt. 
If the effective area had not changed since the experiments in hydrogen con¬ 
taining solutions, it follows that 0*34 X 10' 6 coulombs per 0*1 volt are 
required for each square centimetre of accessible surface in the establishment 
of the oxygen overvoltage. This quantity is considerably smaller than that 
found by Bowden, namely, 3*8 X 10“ 6 coulombs for an electrode having an 
estimated accessible area of 3*3 cm. 2 , or 1*1 X 10~ 6 coulombs per cm. 2 of 
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accessible surface. The accessible area of the electrode does not appear to 
change during anodic polarisation, for the same value was obtained after a 
considerable amount of such treatment. 

When, after anodic polarisation, the current is reversed the potential rises 
at first linearly at the rate given above and then more slowly, giving with the 
larger current densities a lengthy arrest between 0*4 and 0*45 (curves V, VI) 
The position of this arrest is somewhat displaced towards negative potentials 



Fig. 5.—Behaviour of platinum electrodes in oxygen saturated solutions (Electrode D.) 

Curve I. 4 3 X l()- 3 amps. Curve VI 29 X 10 “ 3 amps. 

Curves II, III, IV 0 49 X 10 J amps. Curve VII. Open circuit. 

Curve V. 4 3 X 10- 3 amps Curve VIII. 4*3 X 10- 3 amps. 

the greater the current density. With large current densities there is a small 
maximum m the curve before the horizontal part is reached. After the arrest 
the potential begins to rise again and a nearly linear rise changes sharply to 
a constant value just above the reversible hydrogen potential. Curve VII 
shows the course of the potential when the current is now stopped. The length 
of the initial slow change to the vicinity of the reversible hydrogen potential is 
greatly dependent on the length of the previous cathodic polarisation, but the 
other two stages are approximately independent thereof. The potential 
finally reaches a value +0*83 close to the original value. 

When after a short cathodic polarisation the current is reversed the potential 
falls slowly and linearly to +0-3, rapidly to about +0*7 and finally approxi- 
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mately linearly to between +1 *G and +2*0 according to the current density 
(curve VIII}. After a prolonged cathodic polarisation this curve is preceded by 
a very slow change from about —0*05 to +0-1, but the subsequent parts of 
the curve arc practically independent of the current density. 

When, after anodic polarisation, the electrode is made the cathode for a short 
time, so that the potential reaches a position on or near the arrest and the 
current is then reversed (curve IV, obtained immediately after curve III), the 
potential falls comparatively slowly, and similarly to the lower part of curve 
VIII. If the circuit is then opened and after the potential has risen to about 
+1 *2 the electrode is again made the anode a rapid and linear change like 
curve II is again obtained. 

Discussion. 

When no transfer of electrons (or ions) occurs across the electrode boundary 
during the passage of a current, so that the whole of the current is employed 
in changmg the charge of the double layer, the change of the potential difference 
with time is given by the equation, 

uU/dV - B, (1) 

where i is the current flowing to the electrode; and B, which may be called the 
capacity of the double layer, is the rate at which the charge of the double layer 
increases with the potential difference. If i is given in amperes, i in seconds, 
and V in volts, B is the number of coulombs required for the increase of the 
potential difference, per volt. It is reasonable to suppose that in the linear 
changes of potential observed in the establishment of the hydrogen overvoltages 
in the absence of oxygen, and in the establishment of the oxygen overvoltage 
after a provious anodic polarisation, curve III, fig. 5, the whole of the current is 
employed m changing the charge of the double layer. The value of B for the 
electrodes used in this paper is then 1*5 X 10~ 5 between e u = 0 and —0 • 5 and 
8*5 X 10 5 between e H = + 1 - 5 and 2*0. We have no information as to its 
value for intermediate potentials, but there seems no reason to suppose that it 
does not lie between these two values. 

When, during the passage of current, the transfer of electrons (or ions) 
across the double layer occurs, we have 

B . dV jdl = i - %\ (2)* 

* In these equations anodic currents must be regarded as positive and cathodic currents 
negative, and V given its proper sign as the potential of the electrode with respect to the 
solution. 
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where i 9 is the current employed in this transfer. We may call i the depolarisa¬ 
tion current. It follows that when dV/dt differs from t*/B, there must be a 
depolarisation current due to some process whereby the transfer of electrons 
(or ions) across the double layer can occur 
In the anodic curves shown m fig II the initial full of potential is in agreement 
with the equation dV/dt -= ?/B, and therefore is due to the decrease m the 
charge of the double layer, the depolarisation current being negligible In the 
other parts of the curves dV/dt is comparatively so small compared with t/B 
(giving B its larger value at the positive end) that the value of must every¬ 
where approach that of i . 

We will consider first the general effect of an anodic depolanser. Suppose 
that the depolarisation process is the transfer of electrons from molecules of 
the depolariser in the solution to the electrode. If c is the effective con¬ 
centration of the depolanser at the electrode, the depolarisation current might 
be expected to be governed by an equation of the type 

i' = kce aV . (3) 

Consequently when an anodic current % is passed the potential will fall rapidly 
according to (2) until this term becomes comparable with i , and when i' = i, 
r/V l<U will be zero. An exponential expression like (3) would give rise in (2) 
to a very sudden transition from a very rapid fall of potential to a constant 
value of V. Also, for equal concentrations of the depolanser, the greater the 
value of i the greater will be the value of V when the state dVjdt = 0 is reached. 

Now if the concentration of the depolanser at the electrode diminishes as 
the current is continued through the depletion of the amount originally present, 
or if the depolariser is used up at the anode faster than it can diffuse up from 
the solution, the constant value of the potential cannot be maintained With 
the moderately large currents employed in these experiments, the fraction 
of the current which is used in producing the changes of potential is small, 
and the rate of change of the potential will be governed by the rate of change 
of c in (3), i ' remaining practically equal to the current i 

We can now discuss the changes of potential in the typical anodn curve 
D4, fig. 3, for platinum in hydrogen saturated solutions. The potential first 
falls very rapidly according to (1) and at the point A the first depolarisation 
process is encountered. At this point the depolarisation current %' increases 
rapidly from approximately zero to a value approaching % and the rate of 
change of the potential becomes nearly zero. We have seen that the position 
of this point is lower the greater the current density, which is m accordance 
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with (3). As the concentration of the depolariser at the electrode surface 
decreases, the potential falls off at first very slowly and then more quickly 
(stages a, p), until the second slow stage y is reached. This marks a second 
depolarisation process giving rise to the stages y, 8, which are similar to a, (S. 
Finally the potential reaches values at which oxygen can be liberated and the 
final constant potential of tho stage e is due to continuous depolarisation by 
the discharge of negative ions at the rate t' = t. 

It is not possible to identify with certainty the two depolarisation processes 
which occur, at these current densities, at about +0*4 and +1*2 volts. The 
discharge of negative ions, resulting in the liberation of oxygen, cannot 
occur continuously until the potential +1*65 is reached. At this potential 
according to Bowden’s* measurements, a current density of 10“ 7 amps./cm.* 
is possible for this process. The large depolarisation currents observed at 
higher potentials must arise from some other cause. Tho arrest a appears to 
be dependent on the amount and extent of the previous polarisation of the 
electrode. It appears after cathodic polarisation of electrodes which have 
never previously been anodioally polarised and is apparently due to the hydrogen 
produced in the previous cathodic polarisation. 

Smce it is improbable that molecular hydrogen dissolved in the solution 
can give up electrons to the metal at these potentials, the depolarising action 
observed must be ascribed to hydrogen adsorbed at the surface or dissolved 
in the metal. 

The stage y appears in all the curves for hydrogen saturated solutions, being 
lass marked the greater the current density. It also appears in oxygen satu¬ 
rated solutions after cathodic polarisation, curve VIII, fig. 5, but that it cannot 
be due to hydrogen is shown by the fact that it also appears after a short 
cathodic polarisation in which the potential rises only to +0*9, at which 
hydrogen cannot have been liberated, curve IV. The remaining possibilities 
are that it is due to (1) the passage into solution of platinum ions, (2) the dis¬ 
charge of negative ions. If we regard the second as more probable we have 
to enquire why, when negative ions can be discharged at a rate nearly equal to 
the current density at e u = + 1 • 0, it is necessary for the potential to fall 
to about +1*8 before their discharge can continue at a steady rate. 

It may be suggested that the formation of an adsorbed layer of oxygen, 
held at the surface of the electrode by considerable forces, would require a 
smaller expenditure of energy, and therefore take place at a more negative 


* ‘ Proo. Hoy. Soo.,’ A, vol. 126, p. 107 (1929). 
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potential than that required for the liberation of free oxygen in the solution. 
On this view the depolarisation observed in the stage y is due to the formation 
of an adsorbed layer of oxygen. As this becomes more completo the potential 
falls steadily, until when the steady state is reached we may suppose that the 
surface is completely covered and that the further production of oxygen is by 
the discharge of negative ions in the solution at a short distance from the 
electrode, by the process investigated by Gurney. 

On this view the difference of the anodic curves II and IV, fig. 5, is easily 
explained. When the potential is allowed to recover at open circuit after 
anodic polarisation the adsorbed layer of oxygen is not destroyed and when the 
electrode is made anodic again the current is employed entirely in changing the 
charge of the double layer, until the potential is reached at which oxygen can 
be discharged in the solution. But wc may suppose that m the cathodic 
polarisation, curve III, the oxygen layer is partly destroyed during the slow 
change between +0-8 and +0-6 and in the subsequent anodic polarisation, 
curve IV, it must be reformed before oxygen can be freely liberated. 

Turning now to the cathodic curves V, VI, fig. 5, showing the forced recovery 
from positive to negative potentials in oxygen saturated solutions, the initial 
rate of change of the potential is m accordance with the value of B given above.* 
At about +0*8 volts the effect of depolarisation begins to be apparent, and 
after rising more slowly, at higher currents to a slight maximum, the potential 
remains nearly constant for a time. In tins condition we must suppose that 
depolarisation occurs according to (2), i' being equal to i As the depolanser 
at the electrode becomes depleted the potential begins to rise again, and the 
slope of the curve increases gradually from zero to an approximately constant 
value. Finally depolarisation by the discharge of hydrogen ions can take 
place and the curve changes its direction sharply, becoming horizontal. It 
has been shown that the position of the intermediate arrest is displaced up¬ 
wards by increase of the current density, and at zero current is at about +0*86 
volts in both hydrogen and oxygen. 

On the hypothesis suggested above this potential must be regarded as that 
of platinum covered with an adsorbed layer of oxygen, and the cathodic arrest 
marks the destruction of this film owing to the transfer of electrons from the 
electrode to the oxygen atoms converting them into ions which are neutralised 
by the hydrogen ions present in the solution. Bowden (loc. cit .) has suggested 

* S imil ar curves are also obtained with hydrogen saturated solutions, tig. 4, but the 
initial rate of rise is greater. This is no doubt connected with the fact that the presence 
of hydrogen causes the potential to nse at open circuit fairly rapidly. 
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that a definite oxide. Pt0 8 , is formed during anodic polarisation, which may, after 
long polarisation, be several molecules in depth. It is necessary to see if the 
observed lengths of the cathodic arrest can be reconciled with the hypothesis 
suggested above, or whether it is necessary to postulate the formation of such 
a layer of oxide. 

To this end we have made observations of the variation of the length of the 
cathodic arrest with the quantity of electricity passed during the previous 
anodic polarisation. In fig 6 the number of coulombs required for the cathodic 



Fig. 0.—Variation of length of the cathodic arrest with the amount of anodio polarisation. 

arrest is plotted against the number of coulombs passed during the anodic 
polarisation, excluding the quantity required to change the potential to its 
steady value on the positive side. The curve A refers to oxygen saturated 
solutions and the curve B to hydrogen saturated solutions. The smaller 
values were obtained at a variety of current densities and are reasonably 
concordant; the larger values with a current of 5 X 10“ 8 amps./cm. 2 . 

In oxygen saturated solutions the length of the arrest increases at first 
linearly with the amount of anodic polarisation, reaching a value of about 
60 X 10 -8 coulombs for an anodic polarisation of 200 X 10~ 8 coulombs. 
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After greater amounts of anodic polarisation t he length of the arrest increases 
more slowly, reaching a value of 94 x 10- 3 coulombs after the passage of 
3700 x 10 -3 coulombs. This value is sufficient for the reduction of 280 X 10 18 
atoms of oxygen. Taking the true area of the platinum as about 2*5 times 
the apparent area, it may be estimated that 4 *5 X 10 18 atoms of oxygen would 
completely cover the surface if spaced one to each atom of platinum, or 
9 X 10 15 jf two atoms of oxygen are attached to each platinum atom at the 
surface. It is evident that if the arrest is due to a film of oxide, the greatest 
value must be ascribed to a film at least 30 molecules m thickness. Since 
there is no change in the appearance of the platinum, which remains perfectly 
bright even after continued anodic polarisation, it is difficult to regard such an 
oxide film as a possibility 

On one occasion it was observed that when a stream of oxygen was bubbled 
through the solution during the experiment the length of the arrest waR much 
reduced Some observations of the effect of stirring the solution were then 
made. It was found that whereas in an unstirred solution, after 40 seconds 
anodic polarisation with a current density of 5*2 x 10 3 amps., the length of 
the arrest was 12 seconds, when the solution was stirred by a rotating glass 
stirrer at 2, 4 and 8 revolutions per second, under the same conditions, the 
lengths of arrest were 1*8, 1-6 and 1*4 seconds respectively. When after an 
anodic polarisation of 40 seconds the electrode was taken out of the solution, 
washed and replaced before being eathodically polarised the arrest was also 
reduced to about 1*2 seconds. It thus appears that the substance causing 
depolarisation is not firmly attached to the electrode, and can be removed to 
a large extent by even gentle stirring. It is perhaps significant that the 
amount remaining after washing and replacing m a fresh solution corresponds 
fairly closely with that expected for a single layer of oxygen atoms spaced one 
to each platinum. 

These facts are accounted for on the hypothesis that there is a single layer 
of adsorbed oxygen atoms at the surface, if it be supposed that as the oxygen 
atoms in this surface layer are reduced they are replaced from the solution. 
So long as this replacement can occur the potential remains nearly constant 
on the arrest, but when the supply of available oxygen is depleted the potential 
will begin to rise as the surface layer is destroyed. Since the molecular oxygen 
present in an oxygen saturated solution docs not appear to be very active in 
this way, it must be supposed that some part of the oxygen liberated in the 
anodic polarisation in an active, possibly monoatomic state. In order to test 
whether any such active form of oxygen could be detected we added potassium 
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iodide to the solution in the anode chamber immediately after electrolysis, 
but observed no liberation of iodine. However, very minute quantities would 
be sufficient to produce the observed effects. 

The curve for hydrogen saturated solutions is also linear for the smaller 
values, but its slope is only about one-fifth that of the oxygen curve. Even 
after long anodic polarisation the length of the arrest is much less than that 
observed under similar conditions in oxygen. This may be due to several 
causes : (1) the depolarising action of the oxygen present in the oxygen satu¬ 
rated solutions may be added to that of the oxygen formed during the electro¬ 
lysis, (2) the oxygen formed during the electrolysis may diffuse away from the 
electrode more rapidly in hydrogen than in oxygen saturated solutions, (3) 
part of the oxygen liberated in the hydrogen saturated solutions may react 
with hydrogen, thus diminishing the quantity which can act as depolariser. 
It is possible that all three effects play a part in producing the observed result, 
but the effect of (1) is small, since the length of the arrest in oxygen saturated 
solutions with no previous anodic polarisation is about 2 X 10~ 8 coulombs, 
and (2) should tend to disappear as the anodic polarisation is increased, so 
that it is probable that (3) is mainly responsible. In order to ascertain if 
hydrogen peroxide is formed m this reaction, we polarised an electrode anodi- 
cally in M/10 sulphuric acid saturated with hydrogen for 20 hours with a current 
of about 5 x 10 3 amps., but we were unable to detect any hydrogen peroxide 
in the solution. 

In view of the effect of hydrogen in reducing the length of the arrest, it is 
not surprising that when both electrodes between which the electrolysing 
current passes are in the same vessel, the length of the arrest is considerably 
reduced. That comparatively small quantities of hydrogen are effective in 
this way is shown by the fact that the arrest is appreciably shorter even after 
short polarisations, when only a small quantity of hjdrogen has been liberated 
m the solution. 

Some experiments have been carried out on the anodic polarisation of a 
platinum electrode iu N sodium hydroxide solutions. The curves are similar 
in form to those obtained in sulphuric acid, but are displaced towards negative 
values by 0;7-0*8 volt. This displacement corresponds to the difference 
between the reversible potentials of the oxygen and hydrogen electrodes in 
the two solutions, and shows that all the processes occurring in the course of 
the curves are governed by the p a of the solution. 
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Summary. 

(1) A study lias been made of the anodic and cathodic polarisation of 
platinum electrodes in solutions saturated with hydrogen and with oxygen, 
using current densities mainly between 0-5 and 30 X 10~ 8 amps./em 2 . The 
observed behaviour is interpreted on the basis of a theory of the effect of 
depolarisation processes on the rate of change of the potential. 

(2) On the anodic polarisation of electrodes, winch have previously been 
cathodically polarised m hydrogen saturated solutions, two depolarisation 
processes are observed at potentials more negative than that at which the 
steady liberation of oxygen occurs They are ascribed respectively to the 
electrolytic solution of adsorbed or dissolved hydrogen, and to the formation 
of a layer of adsorbed oxygen. On cathodic polarisation of an electrode which 
has previously been anodically polarised one such process is observed which 
marks the removal of the adsorbed layer of oxygen. 

The senior author wishes to express his appreciation for the grant of a 
Carnegie Teaching Fellowship, and the junior author for a grant from the 
Department of Scientific and Industrial Research, whit h have greatly facilitated 
this investigation. We have also to thank the Commit toe of the Earl of Moray 
Research Fund of the University of Edinburgh, and Imperial Chemical 
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Investigations in the Infra-Red Region of the Spectrum . Part VI.— 
The Absorption Spectra of the Dioxides of Chlorine and Sulphur . 

By C R. Baxley and A. B. D Cassie, The Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry, University College, London, W.C. 

(Communicated by F. G Do/man, F.R.S — Received May 11, 1932.) 

The infra-red spectrum of chlorine dioxide has not been previously deter¬ 
mined, although its photochemical properties and its electronic band spectrum 
have been the subject of recent extensive enquiry.* From the latter attempts 
have been made to interpret the band spectrum, and to assign values to the 
characteristic frequencies of the fundamental modes of vibration in the ground 
electronic state. It will be seen from the following that the values so deduced 
are incorrect, and it is probable that in no case of a polyatomic molecule is a 
complete determination of its fundamental frequencies possible without resort 
to its infra-red spectrum. 

Experimental. 

The method of preparation described by Goodeve and Stem (loc cit.) was 
followed. The gas passed under water-pump vacuum to a trap immersed in 
a carbon dioxide-acetone freezing mixture ; it was, then distilled through 
phosphoric oxide tubes and condensed in a second trap cooled by liquid air. 
This trap could bo removed from the generating system by means of a glass 
seal and a spherical glass joint; the ground joint was of universal pattern and 
the trap containing the dioxide could therefore be readily transported and 
connected to the absorption tube system. The latter was of as small capacity 
as possible, and no manometer was included, pressure m the absorption tube 
being regulated by immersing the dioxide trap m a freezing mixture of known 
temperature. The greatest pressure used during the investigation was the 
vapour pressure of the gas at 0° C., or approximately 630 mm. The length of 
the absorbing column of gas was in all cases 45 cm.; the lubrication of taps 

♦Mayer, ‘Z. phys Chem.,’ vol 113, p 220 (1924); Booth and Bowen, M. Chern. 
Boo./ vol. 127, pp. 342, 510 (1925); Goodeve and Stem, ‘Trans. Faraday Soo.,* vol. 25, 
p. 738 (1929), Nagai and Goodeve, ib%d , vol. 27, p 508 (1931), Wallace and Goodeve, 
\b\d. f p. 048; Finkelnburg and Schumacher, 4 Z. phys. Chem.,* Bode ns tern Festb., p. 704 
(1931), Urey, 4 Ind. Eng. Chem.,’ vol. 23, p. 1241 (1931); Urey and Johnston, ‘Phys. 
Rev.,’ vol. 38, p. 2131 (1931). 
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and of joints between the rocksalt end plates and the absorption tubes was 
effected by chlorinated vaseline. 

The monochromator method described in Part IV* of the present series of 
investigations was used throughout without essential modification, and a 
pressure sufficient to give some 60 per cent, absorption was aimed at for detailed 
examination of any band. The tubes were painted a dead black, and no evidence 
of rapid decomposition was observed, the selective absorption of near infra¬ 
red radiation producing no appreciable decomposition of chlorine dioxide. 


The Observed Data . 

The results are summarised in Table I. The relative, intensities are approxi¬ 
mate estimates for the slit width employed The last two columns give the 
suggested origin together with the calculated frequency v c . 
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There is much evidence (Goodeve and Stein, Grey and Johnston ( loc. cit .)) 
from the electronic band spectrum that the third fundamental vibrational 
frequency associated with the ground state is approximately 527 cm." 1 . A 
search was made for this band without success , the failure to detect the band 
was, as the result of other experiences in the neighbourhood of 10-22 (jl, 
attributed to the existence of scattered radiation of shorter wave-length which 
could not be excluded from the themopiles. Conversion of the apparatus 
into a double manochromator confirmed this suspicion, since beyond 18 p 
no galvanometer deflection was observed when the radiation traversed the 


* 1 Proo. Roy. Soc./ A, vol. 132, p. 252 (1931). 
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empty tube. With the apparatus as at present constructed 19 pt appears to 
be the approximate long wave limit for experimentation, even with the sylvine 
prism ; all residual radiation appears to be absorbed by the rocksalt plates of 
the absorption tubes and thermopiles. The stops inserted in the absorption 
tubes during the measurements on CS a and COS* were not used during the 
present work; their position was found to be difficult to adjust, and they were 
omitted since stray radiation causing galvanometer deflections on changing 
over from the empty to the full tube had been otherwise eliminated. Clearly 
they eliminate much of the shorter wave-length radiation emitted by the 
Nernst filament and scattered within the spectrometer, for with them in 
position we were able to detect the COS band at 18-96 pL; even this procedura 
is not entirely satisfactory, however, since this band should show a Q branch 
which was not observed. We have consequently suspended investigation in 
the region 18 to 20 \x until some more satisfactory method had been developed. 

The preliminary double monochromator was built up from monochromators 
of two types : the first employed the chromatic foci method first used in the 
long wave region by Rubens and Wood; the second was the prism spectro¬ 
meter monochromator previously described Fig. 1 indicates the arrangement 
of the first type , it was of an experimental nature and eould almost certainly 



be improved upon, the only lenses available being of rocksalt, and of somewhat 
small focal aperture. N is the Nernst filament, Mj a stainless steel mirror, 
L the lenses, S the spectrometer slit, and A is a stop just larger than the visible 
image of the filament which appears inside the focus S for radiation of wave¬ 
length 19 [i M a was inserted to provide as large a solid angle of radiation 
falling on S as possible. The ratio of the distances LS : LA is equal to the 
ratio of (p, — 1) for 0*5 p to (|jl — 1) for 19 p ; this is surprisingly large, 
LS/LA being approximately 1 * 5. The stop A, which is placed nearer to S than 
the visible focus, cuts out most of the shorter wave-length radiation. Lenses 


* Part IV, loc. ciL 
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and plates of sylvine or potassium bromide would be required for the region 
beyond 18 p, but the method might be used with advantage for shorter wave* 
lengths where scattered radiation of still shorter wave-length must falsify 
results to some degree. 

The Individual Bands . 

Band B (the bands are lettered to correspond with those previously deter¬ 
mined for sulphur dioxide in Part II)*—10*57 p, v s = 946 cm. -1 (fig. 2). 
This fundamental was investigated with the rocksalt prism and a slit width 
containing 5 cm." 1 ; resolution into P and R branches was achieved with a 



separation of 30-31 cm. -1 . No difficulty was experienced in the repeated 
detection of the band or in the determination of the shape of the contour of the 
envelope ; these remarks apply equally well to the fundamental band C, and 
it follows that absorption of radiation through these fundamental modes of 
vibration produces zero or negligible decomposition of the molecule. The 
intensities and positions of the two bands confirm their choice as fundamentals ; 
the corresponding frequencies selected by Urey and Johnston ( loc . cti.) from 
the ultra-violet spectrum were 727 and 858 cm. -1 , and, for a molecule of this 
weight and probable force constants, obviously too low. 

Band C.—9-017 p, v 2 = 1109 cm. -1 , fig. 3. The rocksalt prism was used 
with a slit width enclosing 6-7 cm. -1 . It is by far the most intense band 
observed, and the shape of its envelope has always indicated the presence of a 

* * Proo. Roy. Soo.,* A, vol. 130, p. 144 (1930). 
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Q branch, although no complete separation of the three branches was possible; 
the P-R separation is again 30 cm." 1 . 

Band E.—5*307 p., 2v 3 = 1884 cm.” 1 . With the fluorite prism, the slit 
width employed included some 10 cm.” 1 . It i3 the first harmonic of band B ; 
as will be seen from the discussion below, the presence or absence of a Q branch 
is of groat importance in fixing the structure of the chlorine dioxide molecule, 
and many attempts were made to obtain definite evidence on this point. Tho 
resolution required is just within the theoretical limit of the instrument, and 



the shape of the contours observed when this condition holds must be accepted 
with caution. On the whole, the experimental evidence favours the existence 
of a Q branch, and wc shall assume this to be the case. At a pressure of 
approximately 630 mm , 45 cm. of C10 a absorbed approximately 50 per cent, 
of the incident radiation. 

Band F.—4*916 jx, v x + v 3 =» 2034 cm.” 1 . No resolution was obtained 
with the fluorite prism, but it is hoped to reinvestigate the contour with a 
grating instrument. It is a summation tone, and once again the shape is of 
importance for the structure of the molecule. At 630 mm. the maximal 
absorption was approximately 90 per cent., the slits containing 10 cm.” 1 . 

The Molecules of ClO % and SO % : Qualitative Discussion . 

The outstanding feature of the spectra of the two substances is their very 
close similarity. This is clearly indicated in fig. 4, which shows the positions. 
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and approximate intensities of the bands in the two spectra, together with the 
resolution so far achieved The S0 2 and CIO* bands at 526 and 527 cm. -1 
have not been completely observed in the infra-red and no estimate of their 
relative intensities can be given. Part II of the present series reports a band 
at 606 cm.” 1 for SO a and this was adopted by us as a fundamental frequency ; 
it seems probable that this is to bo interpreted as v 3 — v 9 ; the envelope 
reproduced on p. 144 of that communication indicates that the absorption 
falls to some low value at about 18 p, ; this is prceisoly the long wave limit of 
the apparatus, and consequently too groat stress is not to bo laid upon either 
the shape of the envelope or the maximal separation observed. The work of 
Strong’*' in the far infra-red shows that considerable absorption exists beyond 
this point, and the most reasonable value for the long wave fundamental from 



measurements of the Raman spectrum by Dickinson and West,f and others, 
and from the ultra-violet by Henri,t seems to be 525 cm. -1 . The corresponding 
value for C10 2 of 527 cm.” 1 is taken from Goodeve and Stem, and from Urey 
and Johnston (loc tit.). 

As we propose to utilise the great similarity between these two spectra to 
amplify and correct our earlier results for S0 2 , we will emphasise this feature 
by referring once more to fig. 4 ; the relative intensities of the observed bands 
for the two substances show that for both of them, a column of gas 45 cm. 
long and at the same pressure absorbs the same percentage of the incident 
radiation for any given mode. The agreement is carried through mto the 
contours of the bands. 

These contours are determined by the orientation of the electric doublet, 

* 4 Phyu. Rev.,' vol. 37, p. 1484 (1031). 

t 1 Phya. Rev./ vol. 35, p. 1126 (1930). 

$ See Plaozek, 1 Ber. s&chg. Ges (Akad.) Wise. Leipzig, vol. 84, p. 98 (1931), 
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effective in the vibration concerned, relative to the different axes of the various 
moments of inertia of the molecule. For S0 s the observed envelopes have 
been shown to be consistent with a triangular structure, and we are justified 
in assuming a similar construction for the C10 a molecule. The assumption of 
the triangular form is also supported by other evidence : for SO a by the high 
value of the permanent dipole moment, by the Kerr effect as shown by Stuart,* 
and by the presence of lines corresponding to all three fundamentals in the 
Raman spectrum; for both molecules by the absence from their infra-red 
spectra of the peculiarities characteristic of the rectilinear tnatomic molecules 
C0 4 , CS a and SCO. For such substances we expect the following features: 
if the resultant electronic angular momentum be zero, only the longest wave¬ 
length fundamental should have a Q branch, and this should be of low intensity. 
Secondly, if any fundamental vibrational level has a frequency approximately 
twice that of another fundamental, splitting of the former into sublevels takes 
place; and finally, for the symmetrical molecules, no absorbing frequency 
active in the infra-red should be the sum of any two other frequencies there 
observed. It will be seen in the case of both the substances now studied that 
the shortest fundamental bands possess Q branches too intense to be due to 
any resultant angular momentum; whilst for C10 2 , two of the fundamental 
bands have frequencies nearly twice that of the third fundamental, but no 
doubling of the fundamental levels occurs. 

Constants of the Tnatomic Molecule . 

Taking the triangular structure of the two substances as qualitatively 
established, we will now determine the various molecular constants, and of 
these we will first consider the vertical angles. The normal modes of vibration 
of the atoms m a molecule of type XY 2 have been evaluated by a number of 
workers.| Assuming the triangle to be isosceles, and the force constants for 
the two equal sides to be equal, we have two distinct vibrating systems to be 
discussed, namely, one in which a central restoring force acts between the base 
particles, and another where this restoring force is replaced by a restoring 
couple acting about an axis normal to the plane of the triangle and passing 
through the vertex. In both systems central restoring forces act between the 
mass at the vertex of the triangle and either mass at the base. We propose 
to apply Bjerrum's calculations to the observed spectra, and to show how the 

* * Z. Physik, 1 rol. 55, p. 358, and vol. 59, p. 13 (1929). 

t See III, * Proc. Roy. Soc. f * A, vol. 132, p. 245 (1931). 
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lengthy computations demanded by the normal method of application may be 
considerably shortened. 

Bjerrum takes as the three representative co-ordinates the projections of 
the extensions of either side on the original direction of side ; these appear to 
be the simplest and, using them, Radakovic has deduced for a system of central 
forces expressions for the normal frequencies and modes in the general case 
of three unequal masses at the vertices of a scalene triangle. Sidgwiok* 
repeats the original suggestion of Langmuir that sulphur dioxide has the 
structure 0 = 8 — 0; this would necessitate unequal force constants and 
presumably unequal sides to the triangle. This is believed to be the case with 
NO,, but the heats of linking of the two oxygen atoms differ very greatly, 
much more so than for S0 2 The experimental results for the latter substance 
are satisfied by the simpler assumption, and we shall restrict ourselves to this. 



Fig. 5. 


There are, corresponding to the three degrees of vibrational freedom, three 
normal modes, two of which are symmetrical about the bisector of tho vertical 
angle, and a third unsymmetrical about this line, fig. 5. Wo shall refer to 
these as the symmetrical and unsymmetrical modes respectively, and, in con¬ 
formity with Dennison’s classification,! characterise them as v x , v a , v a . 

The frequency equation from which the semi-vertical angle and the force 
constants are deduced is a cubic in the squares of the normal frequencies; 
relations between the roots of the equation and its coefficients give three equa¬ 
tions that determine the three above unknowns. These equations as usually 
written are c um bersome, and the arithmetical calculations involved are readily 
susceptible to error. Furthermore, there is normally no indication from the 
experimentally observed frequencies as to which is the unsymmetrical, and the 
general method for its determination is to try each of the throe frequencies in 
turn, and to note which of the three gives real solutions for the required 
quantities. When the complete Raman spectrum is available, it is possible to 

* * Ann. Rep. Chem. Soc.,’ p. 400 (1931). 
f 4 R*v. Mod. Phys.,* vol. 3, p. 289 (1931). 
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apply the selection rules deduced by Placzek (Joe. cit .); if, of the two short 
wave fundamentals, one is symmetrical and the other unsymmetrical, the 
more intense scattered line is to be attributed to the former. We shall revert 
to this point below. The simplest method of determining possible un¬ 
symmetrical frequencies is to eliminate the force constants, and so obtain an 
equation for the semi-vertical angle ; the correct unsymmetrical frequency is 
that which gives a real value for this angle. 

The frequency equation for the central force system may be written 




2K, 

m 


+ 


K. . 2K, , 

— 1 + -r/cos 1 
m M 


2K,K 


“| p* 

a.( i +|)c«.«]=o, ,i) 


where m is the mass of the base particles, M the mass of that at the vertex ; 
a is the semivertical angle ; K x is the force constant referring to the equal 
sides of the triangle, and K 2 to the base ; p = 2;rvc, where v is the normal 
frequency in cm. ' 1 . 

If p z refers to the unsymmetrical frequency, and p x and p 2 to the sym¬ 
metrical frequencies, then on eliminating K x and K 2 from the three equations 
relating p v p % and p 8 to the coefficients of equation (1), we obtain 


j «£ PiW | 2m 

^ 2 m'j ' M 2 ' p 3 2 M 


( Pi 2 H* V? + Pa 2 ) 


sin* a 


+ M/ 


+ 


i_ PiW 

ij_2mV 

~ M 


-(ft 2 + p 2 2 + p 3 2 ) + 2(l + ^ ?3 2 


= 0 , 


( 2 ) 


which is an equation determining a. It is convenient to handle, since large 
multiples of 10 are eliminated, and the observed frequencies are readily inter¬ 
changed. 

For the valence force system we have as frequency equation 


[?■ - Ki {^ +1 «ta*«}J [f - [{( 2 + |“ sto*.) ««■ .} K' 

+ (* + !<«'«) K,] P> + K,K' (I -t i) cot} «] = 0, (3) 
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where m, M, K x and a are as in equation (1), and 

g*/ __ Ka 
4 cos* a 


E* is the tangential restoring force per unit arc displacement of the vortical 
angle, that is, the potential energy due to a displacement eJ0 of this angle is 
JK*! 2 (d0) a , where l is the length of either equal side. Performing the opera¬ 
tions on equation (3) that we applied to equation (1), we have 


PiW a 8 

’l+§ 


(ft 2 + P 2 2 + p 3 2 ) x + 2p 3 * (1 + 2) = 0, 


(4) 


where x = 1 + ~ sin 2 a. 
M 


(4) is a cubic of reduced form to be numerically 


solved for x , and permutation of p z among tho observed frequencies is com¬ 
paratively simple. 

When the possible unsymmetncal frequencies and tho corresponding semi¬ 
vertical angles have been determined by means of formate (2) and (4), the 
force constants can be calculated as follows :— 


/, , 2m . 2 

( 1 + w 8m a 

= | (Pi 2 + Pa 2 ) - I 1 + cos* acj K lf (6) 



K# = 2 




(7) 


It should be noticed that equation (5) determines Kj for both the central 
and valence force systems, 


The Molecules of ClO % and S0 2 : Quantitative Discussion . 

On applying the above considerations to the observed spectra for SOj and 
C10|, we obtain the molecular characteristics displayed in Tables II (a) and 
(6); these give the possible unsymmetrical frequencies with their corresponding 
semi-vertical angles, and the force constants for the two systems. 
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Table II. 


(a) Central Force System for SO, and CIO,. 


Molecule. 

Fowible 
unsym metrical 
frequency 

Semi- 

vertical 

angle. 

K,. 

K,. 


' cm.” 1 

0 

dynes/cm. x 10** 

dynes /cm. X 10“* 

SO, 

1152 

32 

9 6 

1 7 

SO, 

1152 

57 

7*25 

5*2 

CIO, 

945 

33 

5*7 

1*8 

CIO, 

945 

48 

5 7 

3 0 


(6) Valence Force System for SO, and CIO,. 


SO, 

1152 

32 

9 6 

4 6 

SO, 

1361 

61 

9-8 

3*3 

CIO, 

945 

29 

0*7 

4-5 

CIO, 

1109 

70 

0*1 

3*0 


. The problem now is to determine which of these solutions is consistent with 
other observed data, and in effect to decide between the acute and obtuse 
angled triangles. At this pomt we can stress another similarity between the 
two molecules ; the electronic band spectra have been explored in the ultra¬ 
violet region, for SO, recently by Watson and Parker,* and for CIO, as already 
cited. The two spectra are very much aliko ; in particular, in both cases the 
plot of the frequency difference between successive band heads against integers 
gives a straight line up to a definite integer, when the curve breaks to a second 
straight line inclined to the first. This phenomenon is of very rare occurrence, 
and Urey has attributed this discontinuity to the swinging of the isosceles 
triangle with a large vertical angle through a linear model to a second isosceles 
triangle with an acute vertical angle, the former corresponding to the ground 
electronic state. However, as we have seen, this hypothesis depends upon the 
assumption of incorrect values for the fundamental frequencies, and we have 
consequently no definite evidence from the ultra-violet upon the size of the 
vertical angle; the remaining data from the infra-red provide (i) the relative 
intensities of the observed bands, and (ii) the contours of the envelopes, which 
indioate the presence or absence of a Q branch. We shall consider the latter 
feature in some detail. 


* # Phys. Rev.,’ vol. 37, p. 1434 (1931). 
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In Part II, the presence or absence of Q branches was shown to depend upon 
the orientation of the electric doublet effective in a given vibration relative to 
the axes of the three moments of inertia, and quantum mechanical investiga¬ 
tions (Dennison, he. at.) give this orientation for the fundamental and com¬ 
bination tones. The results may be summarised thus : if the frequency of any 
observed infra-red band be given by (j^v x + n 9 v a 4- w 3 v 3 ), where v x and v, 
are the frequencies of the symmetrical modes, fig. 5, a and 6, and v 3 is the 
frequency of the unsymmetrical mode, fig. 5, c, then the electric doublet 
effective in the vibration is parallel to the bisector of the vertical angle when 

is even, and normal to this line when n 3 is odd ; n Y and n a may assume any 
value, and when n 3 is zero the effective doublet is always parallel to this 
bisector. Knowing the orientation relative to the bisector, wo also know it 
with regard to the axis of least inertia, since this is either parallel or per¬ 
pendicular to the former. Which of these cases holds depends finally upon 
the vertical angle and upon the masses of the atoms composing the molecule. 
The three moments of inertia are A < B < C, and since we are dealmg with a 
plane molecule, A -f B = C. Furthermore, the moment of inertia about the 
bisector of the vertical angle 2a is 2mZ 2 sin 2 a, and that about an axis per¬ 
pendicular to this line, passing through the centre of mass, and lying in the 
plane of the triangle is (2mM/(M + 2m) )Z a cos 2 a. Hence the axis of least 
inertia will be parallel or perpendicular to the bisector of the vertical angle 
according as (M/(M + 2m)) cos 2 a > or <msin 2 a, i.e , as tan 2 a < or 
> M/(M + 2m). For S0 2 and C10 a the critical value is found to be 35°. 
Hence if a is less than this value, the axis of least inertia is parallel to 
the bisector of the vertical angle, and perpendicular to it if a is greater 
than 35°. 

This inequality, together with the selection rules derived from quantum 
mechanics and quoted above, gives the orientation of the electric doublet 
effective in the various bands relative to the axes of inertia for the various 
possible models. These are summarised in Table III , where the direction of 
vibration of the doublet is shown as either parallel or perpendicular to the 
least axis of inertia, since for the planar molecule there can be no vibrating 
doublet along the axis of greatest inertia, Table III specifies the orientation 
completely. 

In the discussion in Part II referred to above, we also deduced qualitatively 
that if the effective electric doublet be perpendicular to the axis of least inertia, 
the observed band should consist only of P and II branches, whilst if the doublet 
be parallel to this axis, the band should show a Q branch in addition; this 
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Table III.—The Orientation of the Effective Electric Doublet relative to the 
Least Axis of Inertia for the various possible Molecular Models of SO # 
and C10 s . 

(a) The unsymmetrical frequency v 3 is taken as 1152 and 946 cm. -1 


respectively. 




Frequency. 

Force system. 

Band. 

Mode * 



Central. 

Valence. 



so,. 

CIO, 







a < 35° 

a >36° 

a <38° 

a >35° 





cm " l 

cm ~ l 





C 


1361 

1109 

Parallel 

Porpendioular 

Parallel 

No solution 

— 


524 

527 

»• 


ti 

it 

B 

Vt 

1152 

640 

Perpendicular 

Parallel 

Perpendicular 

ii 

A 

y 9 — 

006 

— 

i> 

#» 

it 

»t 

D 

v x + 

1871 

— 

Parallel 

Perpendicular 

Parallel 

ii 

E 

2v> 

2305 

1184 

ii 

»• 

it 

it 

F 

v i -1- V. 

2499 

2034 

Perpendicular 

Parallel 

Perpendicular 

ft 


(6) The unsymmetrical frequency v 8 is taken as 1361 and 1109 cm. 1 

respectively. 


B 

•'i 

1152 

046 

No solution 

No solution 

No solution 

Perpendicular 

— 

v t 

624 

527 

*i 

>f 

tt 

ii 

C 


1361 

1109 



»t 

Parallel 

A 

Ki — V, 

606 

— 

ft 

f 9 

tt 

Perpendicular 

D 

+ v* 

1871 

— 

tt 

99 

it 

Parallel 

E 

2 n 

2305 

1884 

ft 

99 

tt 

Perpendicular 

F 

v x + V, 

2499 

2034 

t* 

f » 

11 

Parallel 


* iSoe fig. 5, p 629. 


criterion has been quantitatively investigated by Dennison with the aid of the 
quantum mechanics, and he arrives at the same conclusion. 

In applying these principles to the observed spectrum, it must be remem¬ 
bered that the accuracy of the deduction depends upon the degree of resolution 
obtainable, and that further examination by a grating spectrometer is necessary 
before finality is reached. Meyer, Bronk and Levin* explored band P in this 
way, and found no evidence of a Q branch of any intensity, while our own 
results for band B in both S0 8 and C10 2 show P and R branches only. Table 
III renders this consistent with a vertical angle of less than 70° on both the 
force systems ; the envelopes of band C are identical for the two substances, 


* ‘ J. Opt. Soo. Amer.,’ vol. 15, p. 257 (1927). 
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and although complete resolution has not been attained, nevertheless the 
available evidence points to the existence of a powerful Q branch, thus denying 
the possibility of a central force system with vertical angle greater than 70° 
if C is a symmetrical frequency. On the other hand, the valence force system 
with the larger angle permits the presence of this Q branch when band C is 
taken as the unsymmetrical frequency. Now band E for C10 2 occurs at some 
400 cm." 1 on the longer wave side for the corresponding band for SO a and the 
resolution obtained for the former is slightly better ; the envelope shows traces 
of a Q branch in this band for C10 2 which may be concealed in the broad P 
branch of the SO a band. If this is so, the only possible solution demands a 
central force system with an angle a of < 35° 

While the present work has been m preparation, Dadieu and Kohlrausch* 
have published a paper on the Raman effect and molecular structure of simple 
triatomic molecules. They adopt the obtuse angled triangle for SO a , with 
1361 cm. -1 as the unsymmetric al frequency, and suggest that the Q branch 
observed by us in this band is due to the presence of water vapour. Whenever 
we have obtained the water vapour band m this region, we have always 
obtained easy resolution of the band mto the two widely separated maxima; 
furthermore, the corresponding 01() 2 band has exactly the same shape but 
occurs some 260 cm. -1 on the long wave side at 1109 cm." 1 . However, refer¬ 
ence to Table III will show that the structure put forward by Dadieu and 
Kohlrausch requires tho presence of a Q branch, and the suggestion of the 
presence of an impurity is thus inconsistent with their own deductions. 

Dennison has demonstrated that the fine structure of the vibration-rotation 
bands in the infra-red is intimately bound up with the numerical ratio of the 
least to the intermediate moment of inertia, and some estimate of the shape of 
the envelope for a given band can be made from the extremely useful chart 
in his paper ; this shows the variation in the fine structure as the above, ratio 
changes from unity to zero. When the vertical angle is 35°, the two smaller 
moments are equal and our molecules are symmetrical tops , in that case the 
bands B and C would show the same envelope, contrary to observation. If 
A/B is O'65 (a = 30°), the chart indicates that band C should possess a con¬ 
siderable Q branch, while band B should have none. These points are 
emphasised to illustrate the considerable change to be expected in the spectrum 
for comparatively small changes in the vertical angle. 

The degree of resolution obtained m the case of CiO a is, with the exception 


* 4 Phys. Z.,* vol. 33, p. 166 (1932). 
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noted, not so satisfactory as in the previous work on SO t . The slightly coarser 
outline of the bands is perhaps to be attributed to the isotope effect, and 
although it is not sufficient to produce any actual separation of maxima for the 
dioxide, it may well produce a broadening of the bands, and so render the 
observed maxima less distinct. In the case of the monoxide the effect may be 
expected to be considerable for certain bands. 


Molecular Dimensions . 

When Part II of the present series was written, in default of other evidence, 
band A at 606 cm." 1 was chosen as a fundamental frequency ; the existence of 
a frequency difference of this value had been previously recognised by Coblentz,* 
and peculiarly enough in two cases where we had failed to isolate the bands. 
The temptation to adopt this as a fundamental frequency was too great, and 
the assumption that the separation of 9 cm." 1 observed corresponded to the 
greatest moment of inertia led to abnormally large values for the interatomic 
distances. Probably no great reliance is to be placed on the observed separation 
since the readings were taken at the extreme limit of usefulness of the spectro¬ 
meter. The maximal P and R branch separations recorded for the other bands 
prove to be the same for both molecules. We accordingly have to associate 
these more accurately observed separations with the moments of inertia con¬ 
cerned ; for this we must have recourse once more to the considerations pro¬ 
pounded by Dennison in the paper cited. 

We have seen that if the semi-vertical angle is 35°, the molecules become 
symmetrical tops with electric doublets vibrating in the plane normal to the 
symmetry axis or axis of greatest inertia, and observed bands have only P 
and R branches, while the separation of the two maxima corresponds to the 
greatest moment of inertia. Reference to Dennison’s paper and to those of 
Kramers and Ittmannf shows that a top whose motions are governed 
by quantum mechanics behaves differently from a top moving according to 
classical mechanics; in particular, as the top changes from a symmetrical 
to an asymmetrical rotator, there is no abrupt change in its motions such as 
was demanded by the older system ,% where the top may spin about its axis 
of greatest or of least inertia, and where its motions depend upon the axis of 
spin. According to the new system, the transitions for an asymmetrical top 

* “ Investigations of Infra-red Spectra/’ Part I, p. 52. 

f 1 Z. Phyrik/ vol. 60, p. 663 (1930); ei ante. 

$ Bailey, Cassie and Angus,' Trans. Faraday Soo./ vol. 26, p. 197 (1930). 
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change continuously from the limit where the smaller moments of inertia are 
equal to that where the least moment of inertia vanishes. At the first limit 
observed bands have only P and R branches whose separation gives the greatest 
moment of inertia, and at the second limit the band due to vibrations of the 
doublet parallel to the least axis of inertia has P and R branches with a Q 
branch vanishing because of the Boltzmann factor, whilst that due to vibra¬ 
tions parallel to the intermediate axis of inertia consists of lines which tend to 
become infinitely far apart, the separation corresponding to the vanishing least 
moment of inertia. Hence near the first limit the P and R branches approxi¬ 
mate to those of a diatomic molecule whose moment of inertia equals the 
greatest moment for the triangular molecule. Near the second limit, the band 
due to vibrations parallel to the intermediate axis will have separations corre¬ 
sponding to those of a diatomic molecule with a moment of inertia equal to 
the least moment for the triatomic. 

The models deduced for C10 2 and S0 2 approximate to the first limit, and the 
P and R branch separation should give a moment of inertia rather less than 
the greatest. The frequency difference of 30 cm.* 1 corresponds to a moment 
of inertia of 4*7 X 1CT 89 g. cm. 2 ; if this were the greatest moment and the 
vertical angle 60°, the length of each sido of the triangle would be 1*2A. 
Wierl* using the electron diffraction method, found that the sulphur and 
oxygen nuclei in SO a were separated by 1*37 A., and this value is consistent 
with the qualitative infra-red estimate of slightly greater than 1*2 A. It is 
interesting to compare these measurements with the interatomic separation 
in sulphur monoxide, SO; Henri and Wolff obtained the rotational fine 
structure of this substance in the ultra-violet,f and found 1*34 A. for this 
distance. 

The same dimensions may be expected to hold good for the chlorine com¬ 
pound. The spectroscopic similarity leads one to enquire whether the 
phenomenon persists in other physical properties ; we find the melting points, 
boiling points, surface tensions, and molocular volumes, of the ascertainable 
physical data, much the same in both cases. The cause of the similarity is 
probably to be found in the electronic structure of the two substances. The 
" odd ” electron in the chlorine compound confers paramagnetic properties 
upon the dioxide, and is presumably responsible for its chemical instability ; 
it appears, however, to be incorporated m the structure in such a way that, 

* ‘ Phys. Z.,’ vol. 31, p. 1028 (1030). 

■f 4 J. Phys. Radium,* vol. 10, p. 81 (1929), 
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although necessarily impaired, it takes no part m structure formation, and the 
two substances are almost isosteres. 

The recent work of Slater,* * * § Pauling,t and Hund$ exemplifies the quantum 
and wave mechanical significance of directed valence. Hund has extended 
and modified the conception; directed valences, equivalent to the valence 
stroke as written by chemists, are characterised by localisation of the electronic 
proper-functions concerned ; he shows that localisation is obtained if there 
exist proper-functions of single electrons from each atom for binding purposes, 
and also sufficient electrons to fill the resulting proper-functions of the molecule. 
The most important case of non-localised bonds then arises when the electrons 
present are too few to satisfy each possible directed bond with two electrons. 
Ilund’s paper should be consulted for examples, but the general procedure in 
molecule formation is as follows : if localised bonds are possible, o bonds take 
energetic preference over n bonds, while a double bond in all cases is a arc 
bond; the subsequent formation of triple bonds and the various spatial arrange¬ 
ments need not be discussed here, but it may be pointed out that when, for 
example, in a j 4 atom space considerations such as occur in the cyclo-paraffins 
prevent the formation of localised bonds, these are replaced by non-localised 
bonds with a smaller stability betrayed in a larger heat of combustion. In 
other cases where wc have an electron deficiency we may have localised 
o bonds with superimposed non-localised n bonds. In the case of sulphur 
dioxide, where for each atom, two electrons are lacking from a complete outer 
shell, the “ holes ” may be treated as electrons,§ the energy expression being 
the same as for the presence of two electrons outside a closed shell. The 
simplest picture of the formation of the molecule from the individual atoms 
would then suppose the formation of a a bond between the sulphur and each 
oxygen atom, thus involving four “ electrons ” of probably the (2, 1, 0) type ; 
the remaining electrons on the oxygen atoms (one each, of (2,1, 1) or (2, 1, —1) 
type) may be deemed to occupy a proper-function giving a non-localised n 
bond. Proper-functions for two double bonds, which would consist each of a 
localised a and a localised n bond, cannot be obtained from the two “ electrons ” 
of the sulphur, and would apparently necessitate a rectilinear structure in any 
case. The first structure suggested meets with confirmation from the value 

* 1 Phys. Rev.,’ vol. 37, p. 481, and vol, 38, p. 1109 (1031). 

f ‘ J. Amer. Cham. Soc.,* vol. fi3, p. 1387, and p. 3237 (1931). 

X ' Z. Physik,’ vol. 73, p. 1, and p. 565 (1931). 

§ Heisenberg, * Ann. Physik,' vol. 10, p. 888 (1931). 
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of the force constant which is approximately 9 X 10 6 dynes/cm., inter¬ 
mediate between the values for a single and a double bond. 

Turning to the chlonne compound, we have five holes of a p type to allocate ; 
it is important to note that in the allotment of electrons to the molecular 
proper-functions we must consider the molecule as a whole, and fill up the 
proper-functions with the available electrons ; this procedure renders it likely 
that we have a type single bonds between the chlorine atom and each oxygen, 
while the odd electron incompletely fills a non-localised proper-function, and 
thus accounts for the instability of the substance. The force constant is 
approximately 6 X 10 5 dynes/cm , and confirms the choice of the single bond 
plus an incompletely filled non-localised proper-function. 

Reverting finally to the preference of the acute over the obtuse angled 
structure, we would emphasise that the choice of the former rests upon the 
assumptions that Dennison’s selection rules are correct and that complete 
resolution has been obtained in the critical bands; the equilateral triangle 
also seems the most plausible structure for a tnatomic molecule with a non- 
localised proper-function, and gives the correct interatomic separation, whereas 
the obtuse angled form gives a distance of some 2-3 A. between the sulphur 
and oxygen atoms Against this interpretation we have to set the fact that 
band B is the most intense in the Raman spectrum, and Placzek’s selection 
rules indicate this as the symmetrical frequency of the two short wave funda¬ 
mentals, while the change of electric moment, and consequently the intensity 
in the mfra-red, is usually greatest for the unsymmotrical frequency, which 
should then bo band C. It is possible that, the introduction of the non-localised 
proper-function may contra vert Placzek*s rules, and we have in addition little 
knowledge of the actual amplitudes of vibration in the various fundamentals. 
Because of the difficulty of reconciling the diverse evidence, it may be best to 
leave the question open and to summarise the two possible structures as in 
Table IV. We have recently completed an examination of the infra-red 
absorption spectrum of chlorine monoxide, and propose to leave any discussion 
of the thermochemisl ry of the dioxide until wo can collate the results for the 
two substances. 

Summary . 

(1) The infra-red absorption spectrum of chlorine dioxide has been examined 
and compared with that of sulphur dioxide. 

(2) The two substances are spectroscopically and physically alike, and have 
similar structures. 
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Table IV.—The Molecular Characteristics of SO, and CIO, for the Acute and 

Obtuse Angled Forms. 

(a) The Acute Angled Structure. 

(Central forces provide the possible solution in each case.) 


o 

N 

C10 t . 

Fundamental 

frequencies. 

Force constants. 

Fundamental 

frequencies. 

Force constants. 

cm" 1 . 

X 10“ 5 dynes/cm. 

cm.* 1 

x 10“* dynes/cm. 

v x £-= 1361 

K, 0 0 (S — 0) 

v x *» 1109 

K t 6 7 (Cl - 0) 

v, = 624 

K, 17(0-0) 

>>, = 627 

K, 1 8 (0 - 0) 

v, = 1162 


», = 940 


o£6 = 00° , S-0 and 0-0 = 1 37 A. 

OClO = 00° , Cl— 0 and 0-0 - 1-4 A. 


(b) The Obtuse Angled Structure. 

(Valenco forces provide the possible solution in each case.) 


om.~ l 

X 1(H dynoa/cm. 

cm.- 1 

X 10 _B dynes/om. 

»*, =* 1162 

K, 9 0(8-0) 

v t = 946 

K, 8 7 (Cl - 0) 

v t = 624 

K» 3 3 (0 - 0) 

527 

K» 3 0 (0 - 0) 

i>j = 1301 

^ -= 1109 


■ 122°, 8-0 = 

2 3 A., 0—0 = 3 9 A. 

OClO « 140° , Cl-0 = 2 4 A,0—0 *» 4-2.1 


(3) The available evidence permits of two possible structures with vertical 
angles of approximately 60° and 120° respectively, the weight of probability 
being slightly in favour of the acute angled form. 

(4) The electronic structure has been discussed, and values for the molecular 
characteristics have been derived. 
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Perturbations and Rotation Constants of some First Negative 

Nitrogen Bands . 

By W. H. J. Childs, B.Sc , PhD., Davy-Faraday Research Laboratory. 

(Communicated by Sir William Bragg, F.R S —Received May 12, 1932.) 

[Plate 21.] 

During the course of a systematic programme of intensity measurements of 
band spectra it was considered advisable to include some measurements of 
the first negative nitrogen bands. These bands are emitted by the ionised 
nitrogen molecule and show very clearly the interesting phenomenon of 
alternating intensities. It was soon found, however, that the particular 
source employed possessed a number of useful properties, not least of which 
was its ability to excite m a selective manner the negative bands so that they 
were practically free from the usually troublesome second positive group. In 
addition, the bands were excited to such unusually high rotational levels that 
in this way a number of large and hitherto unobserved perturbations were 
revealed. It is the purpose of this paper to discuss these perturbations in 
detail; the other characteristics of this type of excitation will be discussed 
elsewhere. 

Experimental. 

The bands were excited m an ordinary Pomtolite lamp, that is, in a com- 
paratively low voltage (70 v.) timgsten arc in pure nitrogen at about 10 cm. 
pressure. Under these circumstances the 0, 0 ; X 3914 band was obtained 
entirely unobscurcd, whilst the 0, 1 ; X 4278 band contained but slight traces 
of the 1,2; X 4237 band. They were photographed in the second order of a 
21-feet concave grating of the Physikaliscbes Institut, Bonn; in the case of 
X 3914 two satisfactory plates being obtained with exposure times of 6 hours 
whilst for X 4278 only one plate was obtained with an exposure of 10 hours. 
The plates were measured in the usual way, precautions being taken to elimi¬ 
nate any possible errors of the screw of the measuring micrometer. Inter¬ 
comparison of the several sets of measurements (four) for each plate shows that 
the relative accuracy attained is about 0*06 cm. 1 —this is the mean error for 
a large number of lines—whilst the two plates of X 3914 indicate that for this 
band the absoluto accuracy is also of the same order. For the purposes of 
this paper, however, the absolute accuracy is of losaer importance, since the 
information to be discussed is derived from measurements within a single band. 
Intensities were obtained from plates taken in the first order using the “ raster " 

2 u 
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method of Frerichs.* Since this paper is concerned primarily with the per¬ 
turbations it will suffice to say that these plates were photometered with a Moll 
type recording microphotometer and the intensities evaluated from the density 
records in the usual manner. These intensity measurements will form the 
subject of a separate communication. A portion of the 0,0 band is reproduced 
in Plato 21 with below it for comparison a photograph of the band as it appears 
when excited at the hollow cathode of a Geissler tube. The remarkable change 
in the appearance of the band is at once evident; the branches can be followed 
to about K — 80 (in a plate taken under smaller dispersion to K — 100) and 
this extension combined with freedom from extraneous lines makes the band 
under high dispersion a very fine example of its kind. 

The results of the measurement of these two bands are given in Tables I 
and II. The bands have already been measured to K = 30 by Fassbenderf 
and more recently by Coster and Brons,*}: and use has been made of Fass- 
bender’s measurements to supplement the tables for R(0) and R(l) which were 
too faint to measure, and for the lines P(I) to P(12), i.e., from the origin to the 
head, which were unrcsolvable owing to their Doppler width caused by the 
high effective temperature of the source. It is due to this width that the 
close doublets of which these bands are composed were not fully resolved until 
K = 20 approximately, although with the Geissler tube source and similar 
resolving power they can bo resolved at K = 14 or less. 


Table I.—The numbering is according to the modern notation. The high 
frequency component of the doublets i8 associated with (K -f- J) except 
in the perturbed regions, where the assignments are given at the side. 


K branch. 

P branch. 

K. 

I 

A (air). | 

v (vacuum). 

K. 

A (air) 

v (vacuum). 

0 

3909 71 F 

25570 10 

0 

i 


1 

i 09 04 F 

74 54 

1 

3910 94 F 

25562 10 

2 

08 298 

79 37 

2 

11 48 F 

68 58 

3 

07 633 

84 38 

3 

11 97 F 

55 34 

4 

06 703 

89 81 

4 

12 43 F 

52 38 

0 

06 841 

95 46 

5 

12 82 F 

49 79 

6 

04 927 

2560 1 45 

6 

13 18 F 

47 44 

7 

03 969 

07 73 

7 

13 50 F 

45 40 

8 

02 956 

14 38 

8 

13 78 F 

43 69 


F « F&m bender’s measurement. 


* ‘ Z. Physik,’ vol. 31, p. 305 (1925). 
t' Z. Physik,' vol. 30, p. 73 (1924). 
t ‘ Z. Physik,' vol. 73, p. 747 (1932). 
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Table I—(continued). 


«4a 


K branch. 

P branch. 

K. 

A (air) 

v (vacuum). 

K. 

A (air) 

V (vocu 

0 

3901 016 

25021 21 

9 

3913 96 F 

25542 34 

10 

00 820 

28 34 

10 

14 15 F 

41 14 

11 

3809 713 

35 08 

11 

14 25 F 

40 44 

12 

08 409 

43 66 

12 

14 34 F 

39 01 

13 

97 267 

61 77 

13 

14 34 F 

39 91 

14 

96 006 

60 13 

14 

14 331 

39 94 

16 

94 676 

68 84 

15 

14 249 

40 48 

16 

03 300 

77 84 

10 

14 136 

41 22 

17 

01900 

87 14 

17 

13 969 

42 30 

18 

00 461 

96 71 

18 

13 770 

43 60 


00 422 

96 00 

19 

13 516 

45 26 

10 

88 964 

26706 63 

20 

13 215 

47 23 


88 932 

00 74 

21 

12 878 

49 43 

20 

87 428 

16 69 

22 

12 511 

51 82 


87 389 

10 95 


12 471 

52 08 

21 

85 833 

27 24 

23 

12 072 

54 69 


85 801 

27 40 


12 037 

54 02 

22 

84 213 

37 97 

24 

11 582 

57 89 


84 170 

38 26 


11 542 

58 15 

23 

82 529 

49 14 

25 

11051 

01 36 


82 490 

49 40 


11015 

01 60 

24 

80 826 

60 44 

26 

10 473 

65 14 


80 780 

60 74 


10 427 

65 44 

26 

79 057 

72 18 

27 

09 842 

09 27 


79 016 

72 46 


09 804 

09 51 

26 

77 266 

84 09 

28 

09 172 

73 65 


77 218 

84 41 


09 127 

73 94 

27 

75 414 

96 41 

29 

08 454 

78 35 


76 376 

96 66 


08 414 

78 61 

28 

73 640 

25808 80 

30 

07 694 

83 32 


73 481 

09 28 


07 647 

83 63 

20 

71601 

21 82 

31 

06 882 

88 64 


71 566 

22 12 


06 836 

88 94 

30 

69 633 

34 95 

32 

06 034 

94 19 


09 677 

35 32 


05 980 

94 54 

31 

67 021 

48 39 

33 

05 130 

25600 12 


67 572 

48 71 


05 085 

00 41 

32 

05 554 

62 21 

34 

04 187 

06 30 


05 519 

62 44 


04 137 

06 03 

33 

63 485 

76 06 

36 

03 198 

12 70 


63 421 

70 40 


03 145 

13 14 

34 

61351 

90 36 

36 

02 180 

19 47 


61 289 

90 77 


02 119 

19 87 

36 

69 362 

26903 71 (K-*) 

37 

01 286 

25 34 


69 134 

05 23 (K+i) 


01054 

20 86 

36 

56 933 

/ (19 93) (Kf*) 

\ (20 17) (K-J) 

38 

3899 953 

99 022 

34 10 
34 30 

37 

64 854 

33 90 (K )-*) 

39 

98 948 

40 71 


64 717 

34 91 (K-I) 


98 601 

41 67 

38 

54 100 

38 66 (K ft) 

40 

99 378 

37 88 


52 609 

49 11 (Kf*) 


97 791 

48 32 


51 453 

50 89 (K |-i) 


96 613 

60 07 

39 

49 767 

08 20 (K-*) 

41 

95 096 

60 13 


40 708 

08 60 (K-ft) 


95 964 

60 34 


(K-J) 

(K+t) 

(K-J) 

(K+|) 

(K+i) 

(K- 

(K + t . 
(K-}) 

(K- 
(K+ 
(K- 
(Kf ) 


Vans bender'a measurement 


2 u 2 
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Table I—(continued), 


K. 

40 

41 

42 

43 

44 

45 
40 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 
68 
59 
00 
01 
02 
03 
04 
05 
00 
07 



3847 510 

25983 49 

(K — 

i) 

42 

47 432 

84 02 

(K+4) 


40 114 

90 08 

(K- 

■i) 

43 

45 114 

90 68 

(K+i) 


42 658 

26016 30 



44 

42 482 

17 49 




40 154 

33 27 



45 

40 028 

34 12 




37 625 

50 42 



40 

37 503 

61 25 




36 041 

07 07 



47 

34 930 

08 73 




32 410 

85 81 



48 

32 313 

80 53 




29 760 

26103 03 



40 

20 056 

04 03 




27 007 

22 29 



GO 

20 900 

23 02 




24 323 

41 03 



5J 

24 227 

41 00 




21 648 

00 01 



32 

21 447 

00 70 




18 738 

70 20 



53 

18 042 

79 02 




15 884 

98 84 



54 

10 700 

90 40 




12 971 

26218 85 



55 

12 880 

19 42 




10 070 

38 75 



50 

09 981 

39 43 




07 121 

59 14 



57 

07 020 

50 80 




04 122 

79 84 



58 

04 025 

80 51 




01 008 

20300 75 



50 

00 990 

01 43 




98 030 

21 00 



00 

97 030 

22 65 




94 034 

43 47 



01 

94 830 

44 13 




91801 

05 23 



02 

01 710 

05 87 




88 641 

87 22 

(K- 

i) 

03 

88 547 

87 88 

(K+i) 


86 368 

26410 04 

(K + i) 

04 

85 239 

10 94 

(K ■ 

■i) 


82 325 

3120 

(K- 

i) 

05 

82 171 

32 30 

(K + i) 


70 140 

53 50 



00 

79 049 

54 20 








07 

3776 083 

8199 

(K+i) 


72 111 

20502 85 



08 

71992 

03 00 




08 774 

26 32 



00 

08 708 

26 78 





3894 830 
94 753 
93 509 
93 509 
92 106 
91 930 
90 667 
90 535 
89 182 
89 000 
87 062 
87 534 
80 073 
85 902 
84 447 
84 340 
82 779 
82 075 
81065 
80 903 
79 314 
79 209 
77 513 
77 414 
76 671 
76 573 
73 795 
73 687 
71 858 
71 758 
69 883 
00 792 
07 870 
07 773 
65 821 
65 713 
63 730 
63 029 
01 580 
01 494 
59 402 
59 323 
57 202 
57 100 
54 877 
54 740 

52 000 
50 019 
50 413 
47 472 
47 355 
45 298 
45 180 
42 885 
42 795 


25607 82 (K-J) 
08 32 (K+4) 
76 52 (K-|) 
76 52 (K+i) 
85 78 
80 94 
05 28 
90 15 
25705 09 
05 86 
15 21 
15 90 
25 00 
20 30 
30 42 
37 09 

47 48 

48 17 
68 85 
59 53 

70 48 

71 17 

82 45 

83 10 

94 70 

95 35 
25807 10 

07 91 
20 10 
20 77 
33 28 
33 80 
40 72 
47 37 
00 42 
61 14 

74 42 

75 09 
88 82 
80 40 

25903 43 
03 90 
18 21 
18 83 

33 84 (K+4) 

34 70 (K-i) 

40 11 (K+i) 
03 10 
03 90 

83 70 

84 54 

98 44 

99 20 
20014 77 

15 37 



Negative Nitrogen Bands. 


646 


Table I—(continued). 


R branch 

P branch 

K. 

A (air) 

v (\a< mi in) 

K. 

A (an). j 

v (vacuum). 

68 

3766 300 

26550 16 

70 

3840 392 

26031 66 


65 251 

51 14 


40 263 

32 59 

60 

61 054 

74 41 

71 




61 842 

75 20 


Weak 

Weak 

70 

68 406 

98 86 

72 

35 274 

66 39 


58 388 

99 62 


35 166 

67 12 

71 

65 000 

26623 62 (K|-J) 

73 

32 664 

84 14 (K+i)t 


54 887 

24 42 (K -() 


32 555 

84 88 (K-J) 

72 

61 467 

48 69 

74 

29 993 

26102 33 


51 368 

19 40 


29 887 

03 05 

73 

Weak 

Weak 

75 

Weak 

Weak 

74 

44 320 

99 56 

76 

24 558 

30 42 


44 223 

26700 25 


24 450 

40 16 

76 

Weak 

Weak 

77 

Weak 

Weak 

76 

37 032 

51 63 

78 

18 976 ' 

77 63 


36 045 

52 25 


18 875 1 

78 32 

77 

Weak 

Weak 

79 

Weak 

Weak 

78 

29 653 

26804 55 

80 

13 2Jb 

26217 03 


29 568 

05 16 


13 150 ! 

17 62 

70 

Weak 

Weak 

81 

Weak 

Weak 

80 

22 151 

58 58 

82 

07 334 

57 62 


22 102 

58 93 




81 

Weak 

Weak 




82 

14 048 

26917 17 





Table II.—The numbering is according to the modern notation. The high 
frequently component of the doublets is associated with (K + £), except 
in the perturbed regions, where the assignments aro given at the side. 

R brant h P branch 


K 

A (air) | 

v (\ acuura) 

1 * 

A (air) t 

v (vacuum) 

0 

4273 14 F 

23305 43 

0 



1 

72 32 F 

99 93 

1 

4274 00 F 

23387 40 

2 

71 458 

23404 05 

2 

75 23 F 

84 00 

3 

70 543 

09 66 

3 

75 80 F 

80 88 

4 

60 607 

15 34 

4 

76 31 F 

78 09 

5 

68 442 

21 18 

5 

76 70 F 

75 65 

6 

07 310 

27 40 

0 

77 13 F 

73 59 

7 

66 111 

33 98 

7 

77 46 F 

71 79 

8 

64 865 

40 83 

8 

77 72 F 

70 38 

0 

63 545 

48 08 

0 

77 90 F 

60 30 

10 

62 176 

55 62 

10 

78 04 F 

68 65 

II 

60 740 

63 52 

11 

78 11 F 

68 28 

12 

60 247 

71 74 

12 

78 11 F 

68 28 

13 

67 680 

80 33 

13 

78 103 

68 29 

14 

56 074 

80 24 

14 

77 949 

69 14 


F =» Fans bender's measurement. 
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Table II—{continued). 


1 

R branch. | 


P branch 



K. 

A (air). 

v (vacuum). 

K. 

A (air). 

v (vacuum). 


15 

4264 300 

23408 54 


16 

4277 744 

23370 26 



16 

62 660 

23608 11 


16 1 

77 521 | 

71 47 



17 

60 881 

17 04 


17 

77 101 

73 28 



18 

48 096 

28 37 


18 

76 843 

76 18 



10 

47 081 

38 08 


19 

76 420 

77 48 



20 

46 086 

50 04 


20 

76 020 

80 22 



21 

43 066 

61 25 


21 

75 364 

83 26 




43 040 

61 40 


22 

74 738 

86 69 



22 

40 008 

72 74 


23 

74063 

00 44 




40 062 

7300 



1 




23 

38 841 

84 74 


24 

73 306 

94 53 




38 797 

84 08 







24 

36 637 

07 00 


25 

72 494 

98 97 




36 501 

97 26 


26 

71 642 

23403 64 



25 

34 371 

23609 63 



71 588 

03 03 




34 300 

10 03 


27 

70 713 

08 73 



26 

32 048 

22 60 



70 668 

09 03 




31 001 

22 91 


28 

69 719 

14 18 



27 

20 668 

35 88 



69 658 

14 61 




20 614 

30 18 


20 

68 656 

20 01 



28 

27 236 

40 48 



68 603 

20 30 




27 175 

40 82 


30 

67 544 

26 11 



20 

24 742 

63 44 



67 483 

26 45 




24 684 

63 77 


31 

06 360 

32 61 



30 

22 201 

77 68 



66 290 

32 05 




22 126 

78 11 


32 

66 127 

39 39 



31 

10 680 

02 39 



65 060 

39 75 




10 627 

92 69 


33 

63 815 

46 60 



32 

16 028 

23707 29 



63 768 

46 01 




16 868 

07 63 


34 

62 467 

54 01 



33 

14 204 

22 62 



62 399 

54 39 




14 169 

22 87 


35 

61038 

61 88 



34 

11471 

38 01 



60 084 

62 18 




11 380 

38 47 


36 

50 683 

60 80 

<K— 

i) 

36 

08 864 

62 71 

(K-i) 


60 508 

70 31 

(K+*) 


08 681 

54 31 

(K+i) 

37 

68 267 

77 15 

(K-, 

1) 

36 

05 741 

70 35" 

(K+J) 


67 988 

78 68 

(K+l) 


05 696 

70 61 

(K-i) 

38 

56 430 

87 28 

(K+4) 

37 

02 080 

85 96 

(K+i) 


56 371 

87 60 

(K— 

i) 


02 833 

86 80 

(K-i) 

39 

54 045 

05 48 

(K+i) 





54 766 

06 46 

(K- 

t> 

38 

01024 

01 94 

(K+J) 

40 

55 184 

94 16 

(K+, 



00 073 

23802 43 

(K-J) 


53 290 

23504 62 

(K- 

A) 


4108 701 

10 21 

(K+f) 


51 886 

12 38 

(K+, 

I) 

30 

96 447 

96 364 

22 09 

23 47 

(K-J) 

(K+4) 

41 

50 881 

17 94^ 

f(K- 

l(K+ 

[j 

40 

93 486 

30 82 

(K-i) 

42 

40 105 

27 27 

(K- 

P 


03 392 

40 35 

(K+4) 


40 009 

27 80 

(K-h 

I) 

41 

00 372 

57 53 

(K-J) 

43 

47 325 

37 63 

(K-, 

|) 


00 372 

57 53 

(K+i) 


47 325 

37 63 

(K+4) 

42 

87 168 

1 76 70 

44 

45 358 

48 53 




86 060 

76 07 



[ 45 146 

40 71 



43 

83 910 

94 33 


45 

43 335 

50 76 




83 765 

05 21 



43 179 

60 63 



44 

80 610 

23013 24 


46 

41 250 

7134 




80 473 

14 02 



41 108 

72 13 
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Table II—(continued). 


R branch. 

P branoh. 

K. 

A (air). 

v (vacuum). 

K. 

A (air). 

v (vacuum). 

45 

4177 257 

23032 43 

47 

4230 008 

23583 31 


77 128 

33 17 


38 971 

84 01 

46 

73 845 

52 00 

48 

30 896 

90 00 

|w 

73 707 

02 70 


30 770 

96 27 

47 

70 378 

71 91 

49 

34 631 

23608 18 


70 264 

72 56 


34 490 

08 90 

48 

60 857 

92 16 

50 

32 302 

21 18 


66 724 

02 03 


32 180 

21 86 

40 

63 281 

24012 77 

51 

20 922 

34 47 


03 158 

, 13 48 


29 708 

35 16 

50 

59 658 

33 69 

52 

27 400 

48 20 


50 540 

34 37 


27 359 

48 80 

51 

65 88b 

54 92 

53 

24 083 

62 09 


55 865 

55 62 


24 863 

02 77 

52 

52 272 

76 44 

54 

22 430 

76 40 


52 155 

77 11 


22 307 

77 09 

53 

48 511 

98 26 

55 

10 816 

9107 


48 399 

08 91 


19 691 

91 77 

54 j 

44 609 

24120 43 

56 

17 149 

23706 05 


44 601 

21 00 


17 033 

06 70 

55 

40 987 

43 05 

67 

| 14 410 

2146 


40 720 

43 00 


14 315 

21 99 

56 

36 918 

05 70 

58 

11 637 

37 07 

t 

36 806 

66 45 


11 517 

37 75 

57 ! 

32 954 

88 97 

59 

08 797 

53 09 


32 851 

89 57 


08 601 

53 69 

58 

28 962 

24212 36 

00 

00 004 

60 43 


28 849 

13 02 


05 804 

09 99 

59 

24 915 

36 11 

61 

02 980 

85 96 


24 811 

30 72 


02 833 

86 80 

60 

20 810 

60 25 

62 

4199 962 

23803 06 


20 716 

60 81 


99 853 

03 07 

61 

16 700 

84 47 (K~i) 

63 i 

96 919 

20 31 


16 501 

85 12 <K+1) 


96 809 

20 94 

62 

12 644 

24309 66 (K+i) 

64 

93 733 

38 41 (K+J) 


12 430 

10 49 (K—1) 


93 573 

39 32 (K—$) 

63 



65 




08 277 

34 20 (K+J) 


90 637 

56 02 (K-M) 

64 

05 836 

58 07 

66 

87 691 

72 75 


04 261 

68 77 


87 570 

73 49 

65 



67 

83 662 

95 79 


4099 052 

89 03 (Kfl) 


83 492 

96 77 

66 

95 114 

24412 48 

68 

80 010 

23913 24 

■ 

94 988 

13 24 


80 473 

14 02 

67 

90 763 

38 44 

69 

77 257 

32 43 


90 653 

39 10 


77 128 

3317 

68 

80 328 

64 97 

70 

73 845 

5200 


86 165 

66 94 


73 707 

52 79 

60 

81 842 

01 85 

71 

70 378 

71 91 


81 708 

92 06 


70 204 

72 56 

70 

77 320 

24519 02 

72 

66 857 

92 16 


77 174 

19 89 


66 724 

92 93 

71 

72 753 

46 51 





72 916 

45 53 
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The system of levels for these bands is shown schematically in fig. 1, which 
serves to make clear the evaluation of the initial term differences from R(K) 
and P(K), and the final term differences from R(K — 1) and P(K + 1). These 
differences aro given in Tables III and IV. Since the initial state is common 
to both bands they should give identical values; Table III is therefore an 
additional check on the accuracy of the measurements. 



Fig. 1.—System of transitions for the N, f bands. The .T-»J transitions have been 

omitted. 


The Rotational Constants. 

The extended rotational structure of the bands should make possible the 
determination of the rotational constants of the molecule with some con¬ 
siderable degree of accuracy. The rotational levels, if the doubling be for the 
moment neglected, might bo expected to a close approximation to be spaced 
according to the expression 

F - B, . K (K + 1) + D.. [K (K + 1)]®. 

It is quite possible to represent the v" — 0 state by an expression of this 
form, but the v " = 1 state requires an additional term whilst the v* = 0 
state is so violently disturbed that it cannot be fitted by any simple function 
of powers of (K), as is clearly shown by fig. 2. The expressions which have 
been found best to fit the levels are as follows :— 

v" - 0 F = 1-9224. K (K -f 1) — 5-92.1(T« [K (K + 1)]* 

v" = 1 F = 1-9016 . K (K + b) — 6-21.10 * [K(K + l)] 2 

+ 4-14.10“ 6 (K)» (1) 

v' = 0 F =* 2-0725 . K (K + 1) - 6-85.10"« [K (K + 1)]* 

+ 6-77 .10-6 (K)» J 
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Table III.—Terra differences for the v' = 0, *E U levels. The values an 
derived from It (K) — P (K) and are therefore the term differences 
F (K + 1) - F (K - 1) 


| 3914 | 

4278 ! , 

K 

3914 | 

12 44 

12 47 


39 

i 

326 59 

20 76 

20 78 



327 95 

29 03 

20 06 


40 

335 17 

37 37 

37 34 



346 141 

45 64 

45 66 



327 95/ 

53 97 

63 89 


41 

339 55 

62 20 

62 24 



339 34 

70 52 

70 63 


42 

348 48 

78 78 

78 75 ; 


349 17 

87 22 

87 06 


43 

3% 75 

96 43 

95 34 




103 71 

103 67 


44 

364 64 

111 70 

111 78 



364 31 

120 19 

120 10 


45 

372 09 

128 36 

128 28 


372 58 

136 62 

136 64 


46 

380 72 

144 84 

144 66 



380 67 

153 20 

153 10 


47 

388 72 

161 38 

161 50 



388 64 

160 50 

169 82 


48 

396 63 

177 92 

178 07 



396 63 

186 15 

186 18 


40 

404 61 

186 18 




404 60 

104 46 

194 42 


50 

112 63 

104 47 




412 53 

202 66 

202 60 


51 

420 41 

202 50 




420 39 

210 82 

210 86 


52 

1 428 36 

210 86 




428 32 

218 05 

218 96 


53 

436 40 

218 97 

218 98 



436 32 

227 14 

227 15 


54 

444 05 

227 15 

227 15 



444 08 

235 24 

235 30 


55 

451 95 

236 34 

235 31 



451 89 

243 47 

213 43 

i 56 

459 74 

243 51 

243 17 


1 159 74 

251 63 

251 57 j 

! 57 

i 467 47 

251 70 

251 06 | 

1 

! 467 64 

209 75 

259 78 

| 58 

i 475 27 

259 78 

259 74 S 


1 475 28 

268 02 

267 00 , 

i 59 

1 483 05 

267 90 

267 88 


i 

j 482 99 

275 94 

276 02 


1 60 

1 490 81 

276 07 

275 96 



4',40 78 

284 06 

284 00 

61 

408 40 

284 15 

284 08 



498 48 

290 92 

200 83 


62 

507 51 

292 09 

292 13 



506 08 

300 70 

300 72 


63 

613 08 

300 06 

300 04 


513 31 

309 57 

300 65 

64 

518 74 

307 13 

307 28 


520 36 

314 81 

314 83 

65 


304 56\ 

304 661 


532 88 

322 79/ 

322 03/ 
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Table III—(continued). 


K. 

SOU. 

4278 

K. 

3914. 

66 

630 66 

530 73 

73 

Weak 


639 79 

539 75 

74 

507 23 

67 

642 66 

542 65 


507 20 


642 24 

542 33 

75 

Weak 

68 

651 72 

651 73 

76 

612 21 


651 94 

561 92 


612 00 

60 

650 64 

559 42 

77 

Weak 


659 83 

659 49 

78 

626 92 

70 

667 21 

667 02 


626 84 


667 03 

567 10 

79 

Weak 

71 

Weak 

674 60 ? 

80 

641 55 



672 97 T 


641 31 

72 

582 30 


81 

Weak 


682 28 


82 

659 55 


When two values are given the first is the (K — J), the sooond the (K + J) differonoe. 


Table IV.—Term differences for the v" = 0, v" = 1, *S e levels. The values 
are derived from It (K — 1) — P (K 4-1) and are therefore the values of 
F" (K + 1) - F" (K - 1) 


K. 

3914. 

4278. 

K. 

3914. 

4278. 


11 52 

11 43 

26 

202 91 

200 00 


19 20 

19 05 


202 95 

20100 

3 

26 96 

26 69 

27 

210 44 

208 41 

4 

34 58 

34 29 


210 47 

208 40 

5 

42 31 

41 84 

28 

218 06 

215 87 

6 

50 03 

49 52 


218 05 

215 88 

7 

57 72 

57 10 

29 

225 57 

223 37 

8 

65 35 

64 64 


225 65 

223 37 

9 

73 07 

72 26 

30 

233 18 

230 83 

10 

80 68 

79 86 


233 18 

230 82 

11 

88 45 

87 43 

31 

240 76 

238 29 

12 

95 96 

95 23 


240 78 

238 36 

13 

103 72 

102 60 

32 

248 27 

245 70 

14 

11129 

110 07 


248 30 

245 78 

15 

118 91 

117 77 

33 

255 91 

253 28 

16 

126 54 

125 20 


255 81 

253 24 

17 

134 24 

132 93 

34 

263 27 

260 74 

18 

141 88 

140 46 


203 35 

260 60 

10 

149 68 

148 15 

35 

270 80 

268 12 

20 

167 20 

155 72 


270 90 

26816 

21 

164 87 

163 36 

36 

278 37 

275 56 


164 87 



278 37 

276 03 

22 

172 55 

170 89 

37 

285 87 

283 01 


172 54 



295 83 

28907 

23 

180 08 

178 34 

38 

293 24 

290 34 


180 11 



293 28 

290 48 

24 

187 78 

185 89 

39 

300 79 

297 81 


187 80 



300 78 \ 

297 78 

25 

105 30 

193 36 


300 82/ 

297 83 


105 30 

193 33 

40 

308 13 

305 22 


308 32 
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Table IV—{continued). 


651 


K. i 

3914. 

I 4278 

41 

315 67 

312 55 


315 70 

312 55 

42 

323 16 

319 90 

43 

330 52 

327 26 


330 55 

327 26 

44 

337 99 

334 57 


337 97 

334 58 

45 

345 33 

341 90 


345 39 

341 89 

46 

352 76 

349 12 


352 74 

349 16 

47 

360 15 

356 44 


360 14 

356 52 

46 

307 51 

363 73 


367 54 

363 61 

49 

374 81 

370 98 


374 86 

371 07 

50 

382 18 

378 30 


382 16 

378 32 

51 

389 53 

385 49 


389 53 

385 57 

52 

396 81 

392 83 


396 82 

392 85 

53 

404 14 

400 04 


404 14 

400 02 

54 

411 66 

407 19 


41151 

407 14 

55 

418 65 

414 38 


418 66 

414 36 

56 

425 86 

42159 


425 91 

421 61 

57 

433 12 

428 72 


433 14 

428 70 

58 

440 33 

435 88 


440 29 

435 88 

59 

447 57 

442 93 


447 56 

443 03 

60 

454 65 

450 15 


454 73 

440 02 


K 

, 3914. 

4278. 

61 

1 46180 

457 19 


461 91 

457 14 

62 

469 01 

464 16 


46905 

464 18 

63 

476 18 

471 17 


476 20 

471 26 

64 

483 25 

478 24 

65 

' 490 31 

485 32 

i 

j 490 30 

485 28 

06 

497 45 

492 20 

67 l 

504 41 

499 24 

1 

! 504 40 

499 22 

68 ; 

611 55 

506 01 


511 41 

505 93 

69 

518 51 

512 97 


518 55 

513 15 

70 

Weak 

519 94 


Weak 

520 10 

71 1 

532 47 

526 86 


532 50 

526 96 

72 I 

539 54 


73 ! 

539 48 

546 36 


74 

546 35 

Weak 


75 ! 

1 560 14 


76 

560 09 
| Weak 


77 | 

574 00 


78 

| 573 93 

Weak 


70 

587 52 


80 ! 

587 54 

Weak 


81 

600 96 


( 

Weak 



When two values are given the first is the (K — t) and the aecond the (K + i) difference. 


The general expression is thus of the form .— 

F = B,. K (K + 1) + D„. [K (K + 1)]* + <f> (K) s . 

The small additional term <£(K) a is probably to be attributed to a slight dis¬ 
tortion of the molecule, arising in the one case from vibration and in the other 
from excitation. The way in which the expressions fit the experimental 
values is shown in fig. 2; the constants have been grouped together for con¬ 
venience in Table VII and exhibit some interesting regularities. The trend 
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of the B v and D tt values* with increasing v is in the expected direction. If 
we assume that 

B, - B. + oc(i> + J); D, = D. + (3 (v + *) 

we obtain for the values of B # and a the values 1*9328 and —0*0208 respec¬ 
tively, and for D # and (3 respectively —5*75.10“* and —0*29.10“*. It is 

0 6 |- 

04 V-0 



-02 

~° 4 0 10 20 30 40 50 80 

K—► 


Fig. 2.—Deviations of the measure*! term differences from those calculated from 

expressions (1). 

interesting to compare the inter-relations between these constants by means 
of the well-known expressions 

a = 6B, 2 /co„ 

D. = 4B.»/(«/. 

Adopting 2208 cm." 1 lor the value of to, we obtain a = 0*010 and 
D, = 5*93.10“® in satisfactory agreement with the experimental values. 

The Spin Doubling. 

In deriving the values of the rotational constants no account has been taken 
of tho fact that the rotational levels are closely doubled, due to the fact that 
the electron spin vector is slightly coupled to the nuclear angular momentum, 
so that two slightly different values of the rotational term are possible, 
according as the spin sets itself parallel or anti-parallel. The levels have 

* B, is inversely proportional to the moment of inertia. The term with the «n*Wni<»nt 
D« is added to take account of the swelling of the moleoule under centrifugal forces. 
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been treated as single and, strictly speaking, the constants just derived are only 
valid for their “ centres of gravity.** The scheme of fig. 1 shows that the two 
components resulting from this doubling belong to two distinct families the 
members of which do not inter-combine, so that it is impossible from direct 
measurement to decide anything about the relative displacement of the two 
families. It is usual to take account of the doubling by adding to the rotational 
energy terms a small spin-coupling factor which is assumed to have the form 
± Y (K), so that the completed term is of the form* 

F = B„K(K M) + D, [K(K {- l)] 2 + *(K) 3 ± r(K) 

As a way out of the difficulty Ornsfcem and van Wijkf have assumed that the 
coupling factor is of the form y (&) given above, and, supposing that the 
coefficients for the initial and final states hav* 1 the values y, and y r respectively, 
have ondeavoured to find the numerical values by plotting the values of the 
doublet separation of the successive lines of a branch against (K) The points 
should he on a straight line ; the intersection of this line with the v axis gives 
the value of y, and the slope of the line gives (y { — y r ) As evidence that they 
have correctly assigned the values of (K 4* $) and (K — £) to the components 
of the doublet (they associate (K + |) with the high frequency, (K — £) with 
the low frequency component of eaeh doublet) they point out the fact that it 
is the high frequency component m each case which has the greater intensity, 
and that since the intensity expressions contain the statistical weight factor 
(2J + 1) so that the relative intensities of the (K — £) and (K + £) com¬ 
ponents will be as K: K + 1, it is clear that their assignment is the correct 
one. The same point has been made by Coster and Brons (loc. c %t.). In the 
opinion of the writer too much weight should not bo placed on these intensity 
differences. Where they can be measured they are always much greater than 
is to be expected from the simple explanation just given. In the region 
K = 70 where they should be of the order of 1 per cent., i.e., not measurable, 
they are indeed of the order of 13 por cent, and very evident It may be that 
the phenomenon is similar in nature, though smaller in magnitude, to that 
exhibited by other a 2 bands, for example in the C bands of CoH one 
component can under certain circumstances be entirely missing, and again in 
some of the HgH bands one component is several times the strength of the 

* Actually the factor for the (K — i) term is — y (K- ■+■ 1). and for the (K 4* I) term it 
is + y(K), but the form given above is amply sufficient for practical purposes. 

t * Z. Physik,' vol. 40, p. 315 (1028). 
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other.* It is clear therefore that the assignment of (K + J) to the high 
frequency component must remain, although plausible, an assumption. 
Plotting the values of the doublet separation with this assumption against 
(K) leads to the following results for the spin-coupling factor. The accuracy 
is not sufficient to be able to distinguish between the t>" = 0 and t>" = 1 
states. 

Rotational energy level (spin-doubling) separations—f 

for the v' = 0 state + 0*013 (K) cm." 1 (+ 0*013), 

for the v" = 0, v" - 1 states + 0-002 (K) cm." 1 (— 0*002). 

Tho actual values themselves are probably not very accurate ; it is only the 
difference 0*011 which has any pretensions to accuracy. The measurements 
of Coster and Brons when treated in a similar manner yield the values given in 
brackets, so that it is probable that the splitting of the v " states is extremely 
small. 

These values are not in agreement with those of Omstein and van Wijk 
( loc. tit.), who give no estimation of the relative accuracy of their measure¬ 
ments. It is probable, however, that these permitted only a rough estimate 
of the size of the constants. 


The Perturbations. 

Before discussing the perturbations in any detail it will be advisable to give 
some account of the present point of view regarding them. The question of 
when disturbances in the normal spacing of the rotational energy levels of a 
molecule may be expected to occur has been investigated by Kronig,t who 
finds that two states will mutually perturb each other if they possess the 
following necessary peculiarities :— 

(1) Their energies are equal. 

(2) They both have the same total angular momentum J. 

(3) If both states have the same multiplicity. 

(4) If the values of A do not differ by more than 0, +1, —1. 

* E. Hulthen, 4 Phys. Rev./ vol. 29, p. 97 (1927); 4 Z. Physik/ vol. 60, p. 332 (1028). 

t These values may be compared with those of the very similar CN bands. For the *2 
ground state, v" » 2, the spin-doubling can be represented by + 0-0082 (K + 4), 
the (K + |) levels are above the (K — J) levels as in the N t + bands. 

t 4 Z. Phywk/ vol. 60, p. 347 (1928). 
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(5) Both must possess the same symmetry properties, t.e., both positive or 
both negative, and if the nuclei are equal, symmetric or anti-symmetric, 
gerade or ungerade. 

The perturbations in the He a spectrum investigated by G. H. Dieke* bear 
out the postulated conditions very well. The subject has been carried a stage 
farther by Ittmann,f who has applied the methods of Kronig’s paper to the 
special case of *2, *11, mutually perturbing levels, since it is for this case that 
we have in practice the most precise information. Ittmann finds that for a 
case (a) *11 level (inverted) and a case (6) *2 level the perturbations should 
have the general characteristics of fig. 3. Confining attention to the *2 level, 
and supposing that the levels intersect at the angle shown in the diagram, we 



Fio. 3,—Mutual perturbation of and *11 levels. 

note the following sequence. The first perturbation, going from low to high 
rotational levels, affects only the one member of the doublets, the other member 
behaving quite normally. Next follow two perturbations in close proximity 
to one another, and both doublet components are affected. Finally, there is 
a fourth perturbation in which again only one of the doublet components is 
affected. In each case the levels before the disturbance are deflected in the 


* 1 Phyu. Rev./ vol. 38, p. 640 (1931). 
f * Z. Physik,* vol. 71, p. 616 (1931). 
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direction of lower energy, whilst those following axe deflected in the opposite 
direction. In the neighbourhood of eaoh perturbation extra lines may appear 
due to the fact that the perturbed levels acquire some of the properties of the 
perturbing levels, and vice versa, so that transitions may ocour which axe 
normally prohibited. It has been possible to cheok these conclusions from the 
CN bands, where the perturbations have been dealt with by Rosenthal and 
Jenkins,* Ittman ( loc. cit.) and recently by Jenkins, Roots and Mulliken.f 
The measure of agreement betweon experiment and theory is very satisfactory. 
Another recent and very interesting example, in which a and a *II 4 are 
the perturbing states has been found by Rydbergt in the HgH bands. 

In the case of CN the perturbing levels are the a*S lower state of the molecule 
(v" = 11) and the inverted *11 upper state, written “lit, of the red CN bands 
(o' as 6). The 6*2 upper state of the violet CN bands (o' = 12) is also per¬ 
turbed, but this does not seem to have been discussed. In the case of the N g + 
bands the situation is a little different. It is the upper *2 level (v = 0,1, 3, 
5 ?, 8 ?, 9 ?) which is perturbed, and the perturbing level is unknown, though 
it is a very plausible assumption that by analogy with the very similar CN 
molecule we have also in this case a *11 < level. The upper level of the N t + 
bands is probably *2 U + and the ground level, *2, + , so that there are two possi¬ 
bilities for the *11 level. It could be *11, and in the neighbourhood of the upper 
level, the transition *2„ + -►MI, being in the infra-red (*11, ->*2, + is, of course, 
prohibited) or it could be MI„ and in the neighbourhood of the ground states 
with the transition *II U -+*2, + in the infra-red. That it is actually *11, is 
more likely from electron configurations, whilst it is definitely required by the 
mere presence of the perturbations (see rule 5 above). We are now in a 
position to discuss the perturbations of this paper, and to endeavour to link 
them up with those of the v’ = 1 and v' =* 3 levels treated by Coster and 
Brons (loc. cit.). 

The presence of the perturbations is apparent from a more glance at the 
bands, Plate 21, the disturbance in the neighbourhood of P(40) being especially 
obvious. A closer inspection reveals the expected perturbation at R(38) 
a somewhat similar disturbance close to P(67) and R(65), and a number of 
irregularities in the doublet spacing*. All these are identical in both Hand« 
so that it is clear that it is the o' = 0 state which is affected. The perturbed 
levels were found by a process of continuous extrapolation An evampif 

• ‘ Proc. Nat. Acad. Sci,,’ vol. 16, p. 806 (1020). 

t ‘ Phys. Rev.,’ vol 30, p. 16 (1932). 

t ‘ Z. Physik,’ vol. 73, p. 74 (1032). 
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will make this clear. It is supposed that the progress of the initial levels has 
been determined as far as K — 37 and it is desired to locate the levels K = 39. 
The lines proceeding from this level are R(38) and P(40) ending on the levels 
K = 38 and K = 40 respectively. These are unperturbed and may be 
predicted with some certainty to be separated 300*82 cm. -1 for v" = 0 and 
297*79 cm.* 1 for v" = 1 . There are three P and three R lines in each band 
which give differences of 300*78, 300*79, 300*82 and 297*78, 297*81, 297*83 
respectively. If these are the lines sought the R lines should give, when com¬ 
bined with P(38), identical values for each band. When this test is applied 
the 0, 0 band gives 304*36, 314*81, 322*59, compared with 304*34, 314*83, 
322*61, from the 0, 1 band, which is fairly conclusive evidence that the levels 
have been located. In this manner the gaps were filled in, accounting for 
all the lines in the disturbed regions in the major perturbation of both bands. 
It is now possible to determine the extent to which the levels depart from a 
regular spacing. The results of a comparison with expressions (I) in the 
region of the perturbations aro given in Tables V and VI and are also shown 


Table V.—Observed and calculated levels m the neighbourhood of the per¬ 
turbation at K = 39. 

The calculated levels are based on the level K = 30 For the observed 
levels the assumption is made that F (31) — F (30) = 127*84 cm. -1 . A 
similar assumption has had to be made at K = 44, where it has been 
assumed that the separation of the (K — £) and (K + J) sub-levels is 


0*86 cm.~ l . 




Observed. 


Observed. 


K. 

F (o&Ic.). 

(K -J) 

O -C 

<K + l). 

© 

1 

p 

30 

0 

0 

0 00 

30 

0 30 

31 

127 84 

(127 84) 

0 00 

128 14 

0 30 

32 

259 75 

259 77 

0 02 

260 06 

0 31 

33 

395 74 

395 80 

0 06 

386 03 

0 29 

34 

535 79 

535 75 

-0 04 

636 08 

0 29 

35 

679 89 

678 83 

-0 06 

680 15 

0 26 

36 

828 05 

826 63 

-1 42 

828 19 

014 

37 

980 27 

980 54 

0 27 

980 20 

-0 07 

36 

1136 52 

1136 24 

-0 28 

1135 40 

-1-12 

39 

1296 79 

1295 36 

-l 43 

1284 80 

— 11 *99 




1303 05 

6 26 

40 

1461 11 

1462 80 

1 69 

1463 37 

2*26 

41 

1629 46 

1630 54 

1 08 

1630 96 

1*53 

42 

1801 82 

1802 37 

0 55 | 

1802 71 

0*89 

43 

1978 18 

1979 04 

0 86 

1980 16 

1 98 

44 

2158 56 

2109 10 

0 54 

2159 96 

1*40 

45 

2342 93 

2343 72 

0 79 

2344 47 

1*54 

46 

2531 28 

2531 78 

0 50 

2532 52 

124 

47 

2723 62 

2724 41 

0 79 

2725 14 

1 52 

48 

2919 95 

2920 44 

0 49 

2921 12 

1*17 


2 x 
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Table VI.—Observed and calculated levels in the neighbourhood of the per¬ 
turbation at K = 66. 

The levels are based on that of K = 60. The additional assumptions 
are made that (a) F(61) — F(60) = 247*28 cm.” 1 ; (6) at K = 68 the 
separation of the (K — £) and (K + |) sub-levels is 0*62 cm.“ l . 


K. 

K(<_alc.). 

Observed. 

<K - i). 

0. - 0. 

Observed. 

(K + 1). 

i 

0. - c. 

60 

0 

0 

0 00 

62 

062 

61 

247 28 

(247 28) 

0 00 

(247 90) 

0 62 

62 

498 38 

498 46 

0 08 

499 02 

0 64 

63 

753 34 

| 754 75 

1 41 

763 94 

0>60 

64 

1012 12 

1 1011 54 

-0 58 

1012 34 

0 22 

65 

1271 75 

1273 50 

-1 25 

1274 30 

-0 45 

66 

1541 20 

1544 35 

3 15 

1545 29 

4 09 

67 

1811 43 

1813 27 

1 84 

1814 07 

2 64 

68 

2085 46 

(2086 96) ! 

1 50 

1 2087 68 

2 12 

69 

2363 28 

2365 00 

1 72 

2366 00 

2 72 

70 

2644 87 

2646 49 

1 62 

2047 24 

2 37 

71 

2930 21 

2932 12 

1 91 

2933 07 

2 a 86 

72 

3219 30 

i 3221 09 

1 *79 

3220 35 » 

1 06? 

73 

3512 15 

| 3514 40 

2 25 

3515 36 

3 20 

74 

3808 71 





75 

4108 98 

411163 , 

2 65 

4112 55 

3-67 

76 

4412 96 



1 


77 

4720 64 

1 

4723 84 

3 20 

i 

; 4724 64 

4 00 


in fig. 4. It is clear from this diagram that in both perturbations it is both 
components which havo been affected. This is comparable with the per¬ 
turbation of the v ' = 12, upper level of CN, but is in sharp contrast 
with that of the v 1 = 1 level of N 2 + where, as m the v" = 11 level of CN, the 
first perturbation extends only to the one doublet component. At first sight 
it appears that several additional lines have put in an appearance. It is 
suggested, however, that what has really happened is that each component 
has been perturbed twice in rapid succession, the course of the levels in the 
region of the perturbation being roughly that of fig. 4. According to this 
view the disturbances at K = 39 and K = 66 are due to successive vibrational 
levels of the a II state, and should thus have very similar appearances. It is 
difficult to pronounce an opinion upon this, as the band lines are fading out at 
K = 66 and it is quite possible that some faint lines have been missed, but it 
is significant that the two levels which one would expect to see affected, viz., 
the K — £ component of K = 63 and the K + $ component of K = 69, are 
indeed both displaced. If this interpretation is correct then the perturbation 
at v' = 1, K = 13 and that just discussed at v' — 0, K = 69 are caused by 




Negative Nitrogen Bands . 659 

one and the same vibrational level of the *n state. A somewhat uncertain 
extrapolation from the perturbations lends support to this view. Extra¬ 
polating from the K = 39 perturbation indicates that the 2 I1 state involved is 
located some 900 cm." 1 above the v' = 0 2 E state with a value for B„ of approxi- 




FlO. 4, a above, and b below,-—Showing the displacement of the level* in the region of the 
perturbations. This diagram is plotted from the results of Tables V and VI. The full 
ctrdet represent the (K — £) levels, the open circles the (K +- J) levels. 


2X2 
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mately 1*50. Using this value of B v and extrapolating from the K = 66 
perturbation shows that the next vibrational level of the *11 state is situated 
at approximately 2430 cm." 1 above the v' = 0 state, and crosses the v' = 1 
levels at J = 14. The relative disposition of the perturbing levels is thus 
that of fig. 5. 


7 000- 3 

-V*5- 

6 000 - 


■ 

-VM 

5 000- 


2- 


1000- 

-V*3 H 

:t ooo - 


1- 

-V+2 1 

2 000 - 


1 000 - 

-V+| 

0 v-n 


cm" 



l n 

Fio. 5.—The relative positions of the *11 and *11 vibrational levels indicated by the 

perturbations. 

An interesting detail for which no explanation is put forward is the 11 stagger ” 
of the levels from K = 43 onwards, shown in fig. 4. This may be connected 
with the fact that the doublet separations, from the point at which they become 
measurable until the perturbation sets in, are alternately larger and smaller 

Table VII. 


State. B». | IV I 1 B # . I o. I IV J8. 
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than the mean value. Thin latter phenomenon is barely discernible, but is 
thought to be real. 


Summary. 

The 0, 0 and 0, 1 first negative nitrogen bands emitted from an arc have 
been examined under high dispersion The structure has been followed to 
high values of the rotational quantum number, and this has permitted an 
accurate estimation of the rotation constants of the v " = 0, v" — 1 f 
ground states and thoV = 0 1 upper state Values for the spin-doubling 

constant have also been obtained. The extension of the band structure 
has brought to light two perturbations of the v' = 0; upper state which 
are related to those already known to exist in the v* = 1 and v' = 3 states. 
With the information derived from the new perturbations, tentative estimates 
of the position of the hypothetical 2 11 perturbing levels can be made. 

In conclusion, it is the writer’s pleasant duty to thank Professors H. Konen 
and R. Mecke for their hospitality and the many kindnesses extended to him 
at the Physics Institute, Bonn, where the experimental work was carried out. 
He is also indebted to the Director aud Managers of the Royal Institution for 
the opportunity which they have provided to complete the work. 
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The Energy Distribution among the Positive Ions at the Cathode of 
the Glow Discharge through Gases . 

By R. M. Chaudrhi and M. L. Oliphant. 

(Communicated by Lord Rutherford, F.R.S.—Received June 4, 1932.) 

The energy distribution among the positive ions which striko the cathode 
of the glow-discharge through gases is of somo importance m the theory of the 
phenomenon,* and as very little is known about the mean-free-paths of ions 
in gases it is difficult to make an estimate of this distribution. Attempts have 
been made in the past to measure this quantity by perforating the cathode 
and applying retarding potentials to the ions which penetrate through.f 
The positive ion photographs obtained by the parabola method of Sir J. J. 
Thomson! give information concerning the distribution m a strongly abnormal 
discharge. These last, and observations of the Doppler effect§ in canal-rays, 
suggest that there are particles present with energies corresponding with a fall 
through the full potential drop across the dark-space, while the retarding 
potential measurements of Von Hippel show a sharp upper limit to the energy 
at between 0*3 and 0*5 of the total cathode fall. The dark-space stretches 
over 20 to 100 molecular free-paths, so that if ions are present with the full 
energy corresponding to the cathode fall they must have relatively long free- 
paths m the dark-space. 

We have camod out measurements of the energy distribution among the 
positive ions which penetrated through a slit in a plane cathode into an 
evacuated space beyond, by a retarding potential method and by the method 
of focussing at 127° 17' in an inverse first power electrostatic field.|| 


The Relardtng Potential Measurements. 

The apparatus was designed to avoid as far as possible the effects produced 
by the secondary electrons set free from the collector and from slits, etc., 

♦Compton and Morse, ‘ Phys Rev.,’ vol. 30, p. 305 (1927); Mono, 4 Ph>«. Rev.,’ 
vol. 31, p. 1003 (1928). 

t E.g. t Von Hippel, * Ann. Physik, 1 vol. 81, p. 1046 (1926). 
t “ Rays of Positive Electricity,” Longmans, Green k Co. (1921). 

$ Johnson, 1 Proo. Phys. Soc.,’ vol. 39, p. 26 (1926). 

|| Hughes and Rojansky, 1 Phys. Rev.,' vol 34, p. 291 (1929). 
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while ionisation was avoided by keeping the pressure at a very low value. It 
is shown diagrammatically in fig. 1. 

The nickel anode A and cathode 0 are plane parallel electrodes about 3-5 cm. 
in diameter and 8 cm. apart. Tho cathode is in the form of a cap of thin 
copper fitting tightly over the end of a glass tube and tied on firmly by binding 
the overlap with copper wire. At the centre of the cathode there is a slit, 
10 mm. long by 0 * 5 mm wide Immediately behind this is a Faraday cylinder 


C'jsitive 



F with a slit in the front surface somewhat wider than the slit in the cathode 
and placed as close to the back surface of the cathode as possible. A plate P t 
inside the Faraday cylinder, was charged to a potential of about 40 volts; 
this prevented the escape of secondary electrons. Varying retarding potentials 
could be applied between C and F by means of a potentiometer L, which was 
placed across the terminals of the discharge itself. The electrode system was 
set up inside a glass tube about 4*5 cm in diameter. Air or any other gas 
could be let into the tube through a leak, and the pressure adjusted to any 
desired value as measured with a McLeod gauge. The gas which leaked in 
through the hole in the cathode was pumped away with a steel diffusion pump 
and the pressure on this side of the diaphragm could be kept at a very low 
value. The discharge potential was obtained from a high voltage generator 
and the current was adjusted by alteration of the filament temperature of a 
two-electrode valve in series with the apparatus. 
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RetniUs. 

The retarding potential curves obtained under a variety of conditions are 
typified by those given in fig, 2. The apparent positive ion current falls from 
a maximum with zero retarding potential on the Faraday cylinder to zero at 
a potential corresponding to 0*3 to 0*6 of the discharge potential. After 
that it reverses and with a retarding potential equal to the full potential across 




(a) Above (1) t « 0-6 m.a., v = 2900 volts, P * 0 033 mm. Hg.; (2) * = 1-0 m.a., 
v = 2000 volte, P = 0*05 mm. Hg. (b) Below (1) i — 0*6 m.a., e « 1270 volts, 
P ^ 0 05 mm. Hg.; (2) a = 0*2 m.a., t = 1000 volts, P = 0*05 mm. Hg. 
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the discharge an electron current of the same order of magnitude as the original 
positive ion current flows to the Faraday cylinder. This electron current does 
not saturate but increases continually with increasing positive potential applied 
to the collector. It may arise from several causes:— 

(1) The penetration of the field between the cathode and the Faraday 
cylinder through the slit in the cathode may result in electrons from 
the discharge in the immediate neighbourhood of the slit being drawn 
to the Faraday cylinder. 

(2) Radiations and metastable at-oms may penetrate through the slit and 
give rise to electrons from all the surfaces which they strike.* This 
gives a current which reverses with the potential and which it is very 
difficult to allow for. 

(3) Positive ions are retarded by the field between the cathode and Faraday 
cylinder and the slower ions return to the back surface of the cathode 
and may there set free electrons which then travel to the Faraday 
cylinder. 

Experiments of Oliphantf show that excited atoms travel in large numbers 
through a hole m a canal in a negatively charged Langmuir probe, and it 
seems likely that these will also be present in the stream passing through the 
slit in the cathode used in these experiments. Ratnerf has shown that 
reversible currents of very large magnitude flow between electrodes placed 
inside a large cathode so constructed that no charged particles could possibly 
reach them from the discharge itself, but to which radiations and metastable 
atoms could readily penetrate. Also positive ions with energies of one or two 
hundred volts can set free electrons from gas-covered surfaces, such as those 
used in the present experiments, with an efficiency approaching 100 per cent., 
so that retarded positive ions might account for a relatively large electron 
emission from the back of the cathode. It is impossible to make any estimate 
of the magnitude of the electron currents which might arise from (1). In any 
case the variation of this electron current completely masks the variation of 
the positive ion current with variation of the retarding potential 

An attempt was made to prevent the electrons from leaving the surfaces at 
which they were generated and reaching the Faraday cylinder by applying 

* Oliphant, ‘ Proc. Roy. Soc.,’ A, vol. 124, p. 228 (1929). 

t Oliphant, he ctf. 

t ‘ Proc. Nat. Acad. Sci. Wash vol. 15, p. 318 (1929). 
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a transverse magnetic field. The width of the dark-space was much reduced 
thereby, but the electron current still persisted. To prevent penetration of 
the field through the slit and also in an attempt to reduce the secondary emission 
from the back of the cathode, a grid was placed between the slit and the 
Faraday cylinder and charged to a potential of —2 to —410 volts with respect 
to the cathode. This produced a marked change in the shape of the curve for 
low retarding potentials, possibly owing to capture of some positive ions by 
the grid, but beyond 100 volts the curve was very little changed, even with the 
addition of a magnetic field. 

Experiments designed to find the energy distribution among the positive 
ions striking the cathode have been described by Yon Hippel (loc. cit.). Using 
a retarding potential method he obtained a curve of exactly the same form as 
those given in fig. 2, but he appears to have cut of! the curve quite arbitrarily 
at the point where the positive ion current fell to zero, and does not mention 
the reversed current. His conclusion that the maximum positive ion energy 
was 0-3 to 0-5 of the total energy corresponding to free fall through the dark- 
spuce is therefore untenable 

The Focussing Method. 

A magnetic velocity analysis of the ions which penetrate through the hole 
m the cathode is not easily carried out, for the ions have different masses and 
it is difficult to shield the discharge itself from the strong fields required. An 
electrostatic analysis was therefore made by the method of bending the 
particles through 127° 17'm an inverse first power electrostatic field (Hughes 
and Rojansky, loc. cit.) and focussing upon the slit of a Faraday cylinder. 
This method avoids the troubles produced by secondary electrons from the 
discharge and slits, for these are bent in the opposite direction and can 
never reach the collector. This latter was made narrow and long to reduce 
secondary emission, and a small electric field was applied for the same purpose 
between the defining slit in front of the Faraday cylinder and the collector 
itself 

The Apparatus. 

The discharge took place between the anode A and cathode C, fig. 3, placed 
about 8 cm. apart in a pyrex tube 5 cm. in diameter. Ions passed through 
the slit Sj into the evacuated space beyond where they were bent round in the 
arc of a circle of 5 *25 cm. mean radius by means of an electrostatic field between 
the two curved plates P turned from an alloy of aluminium and zinc. These 
plates were geometrically secured 5 mm. apart by screwing the upper one to 
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the baok of the cathode, while the lower plate was fastened concentric with 
it by means of insulating strips of mica held by screws. The angle turned 
through between the first slit S x and the defining slit S s was carefully arranged 
to be 127° 17\ Ions which were focussed upon S a entered the Faraday 
cylinder F. Secondary emission from S 2 was prevented from reaching F by 
applying a small electron retarding potential between S a and F. The cathode 
was fastened into the glass tubes by winding para-rubber strip about the 
joints LL and painting with cellulose enamel. These joints were kept cool 
by the water jacket shown in the figure. 



The slit S x was about 0-5 mm. X 1*0 mm., while S a was 10 mm. X 1-0 mm. 
A large four-stage Gaede diffusion pump together with a trap of low resistance 
was used for evacuating the analysing side of the apparatus where the pressure 
was kept below 10“ 4 mm. of Hg. The gas used entered by way of a fine leak 
from a reservoir at a suitable pressure. The tube containing the deflecting 
plates and Faraday cylinder was silvered to prevent disturbances arising from 
charges on the glass walls. 

The current to F was measured with a galvanometer of sensitivity about 
10' 10 amp./mm. The bending potential between the plates P was obtained 
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from a battery of small accumulators giving 1000 volts, and was applied 
through a potentiometer. This potential and the potential across the discharge 
itself were measured with suitable electrostatic voltmeters, and on account of 
the inherent weaknesses of this type of instrument are subject to rather large 
errors. 

The Results. 

In order to obtain reproducible results it was necessary to keep the pressure 
in the analysing side of the apparatus at a very low value, for the proportion 
of slow ions reaching the Faraday cylinder decreased rapidly with increase in 
pressure. For instance, neglect to apply liquid air to the trap gave a pressure 
of mercury vapour sufficient to prevent all slow ions from ever reaching the 
collector. However, when liquid air was applied and the pumps were running 
well the curves obtained were strictly reproducible. 

Fig. 4 shows a typical curve obtained with air. It will be seen that ions are 
present with all energies from practically zero up to the full energy corre¬ 
sponding to the potential across the discharge. There is a maximum in the 
curve m the region of low energies and a relatively sharp fall off in the number 
of ions at an energy very nearly that given by the cathode fall of potential, 
assumed equal to the potential across the discharge. There is a 11 tail ” to 
the curves on the high velocity side, but we have assumed that this is experi¬ 
mental, and take as our maximum energy that given by the point of inter¬ 
section of the tangent to the steep end part of the curve with the volt-axis. 

A series of curves taken with air at the same pressure as in fig. 4 is given 
in fig 5. The different curves correspond to different discharge currents, 
and, since the discharge is abnormal, to different potentials. The curves 
aTe similar to one another, and it is seen that the energy corresponding to the 
maximum number of ions does not depend on the discharge potential or current. 
It is a function of pressure alone. In figs. 6 and 7 two further series of curves 
for air are given, taken at different constant pressures, one lower and one 
higher than in fig. 5. The curves are of the same general shape in different 
series. The small differences will be discussed later. 

The curves obtained at a considerably higher pressure and shown in fig. 8 
exhibit, however, a different character. The maximum of the curve occurs 
at or near zero energy. It is thus obvious that the maximum of the curve 
shifts towards zero energy as the pressure increases, while the relative number 
of ions with energy near that corresponding with the discharge potential 
decreases with the increase in pressure. At lower pressures the maximum is 
broad, while at higher pressures it becomes sharper. 
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In fig. 9 we have given curves taken at a constant voltage, but with different 
pressures and hence different discharge currents. It will bo seen that the slope 
of the curves for energies greater than that corresponding with the maximum 
increases with increase of pressure. Increase of the discharge current leads 



Fig. 4.—Gas = air, P — 0*0345 mm Hg, 
v — 2200 volts, i = 0-60, 0-58 m.a 



Fio. 6.—Gas m air, P =- 0 0565, 0*0575 
mm. Hg. (1) t — 2*0 m.a., v = 2076 
volts ; (2) i =s 1 -5 m.a., v = 1750 volts ; 
(3) % — 1*0 m.a. ( v ^ 1480 volts ; (4) 
» = 0 5 m.a., v — 1200 volts. 



Fig. 5 —Gas — air, P - 0 0345 mm. Hg. (1) 

i — l 2 in a t v — 3700 volts ; (2) i = 1 *0 

in a , r — 2850 volts, (3) i ** 0-50, 0*58 

m a , v — 22lK> voltH , (4) * — 0*25, 0*30 

m.a., v 16K0 volts. 



Fig. 7.—Gas « air, P - 0 020 mm. Hg. (1) 
t ss 0*8 m.a., v ~ 3500 volts ; (2) < — 0*45 
m.a., v — 3050 volts. 
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to a greater increase in the number of ions with energies in the neighbourhood 
of the maximum of the curve than of ions with greater energies. 

The curves given are typical of a large number obtained in these experiments, 
for a range of pressure from 0-02 mm. to 0-12 mm. of mercury, this being the 
range over which a discharge could be maintained easily with a low enough 
pressure behind the cathode. 



Fig. 8.—Gas — air, P = 0*124 
min. Hg. (1) t = 4*0 m.a., 
v — IKK) volts ; (2) » — 3*0 
m.a., v — 990 volts; (3) 
i = 2*0 m.a., v =* 870 volts. 


Fig. 9.—Gas — air, discharge volts — 2800. (1) 
t - 2 0 m.a , P = 0 0415 mm. Hg; (2) 
i =- I 0 m.a , P -= 0*033 mm. Hg; (3) » = 0*8 
m.a., P — 0*0305 mm. Hg, v = 2750 volts; 
(4) i - 0*6 m.a., P — 0*0265 mm. Hg. 


Similar curves were taken with hydrogen and with argon. Experiments 
could not be performed with hydrogen over as great a range of pressure as 
with air, owing to its high sparking potential and to the rapid diffusion through 
the slit giving a high pressure behind the cathode. The curves obtained and 
given in fig. 10 are, however, similar to those obtained in air. The maximum 
lies in the neighbourhood of zero energy for all pressures used. The positive 
ion currents obtained with hydrogen were always much larger than those 
obtained with the same discharge currents in air or argon at similar pressures. 
Typical curves for argon are given in fig. 11, and it is evident that they are of 






672 


R. M. Chaudrhi and M. L. Oliphant. 


the same general character as those found for air and hydrogen, but the currents 
obtained to the Faraday cylinder for a given discharge current and pressure 


were smaller than for those gases. 

It is obvious from all these results that in air, hydrogen and argon, the 
maximum energy of the positive ions which strike the cathode, at all pressures 
and current densities which have been used, corresponds with the full potential 
on the discharge tube, within 10 to 15 per cent. The results are collected in 


Table I. 


Table I. 


Gan 

Pressure 

Discharge 

current 

Discharge 

potential. 

i Maximum energy 
of 

positive ions. 

Air 

mm of Hg 
0124 

0 085 

0 124 

0 056 

0 0641 

0 034 

0 0541 

0 047 

0 056 

0 034 

0 028 

0 030 

0 026 

0 033 

0 041 

0 034 

0 020 

0 037 

0 020 

0 034 

m a. 

| 2 0 

1 0 

4 0 

0 5 

1 0 

0 25 

1 5 

1 35 

2 0 

0 50 

0-90 

0 80 

0 60 

1 0 

2 0 
l 0 

0 45 

1 7 

0 8 

1 2 

volta 

870 

1030 

1100 

1200 

1480 

1680 

1750 

1940 

2075 

2200 

2550 

2750 ^ 

2800 

2800 

2800 

2850 

3050 

3300 

3500 

3700 

volts 

907 

1036 

1198 

1231 

1458 

1684 

1782 

1800 

2041 

2009 

2268 

2462 

2430 

2462 

2462 

2462 

2462 

2500 

2754 

2950 

3142 

H. 

0 106 

1 0 

1150 

1231 


0-196 

2 0 

1420 

1425 


0 101 / 

1 0 

0 9 

| 1520 

1523 


0 103 

0 2 

2200 

1976 


0-103 

0-4 

2650 

2397 

Ar 

0 134 

4 2 

1370 

1393 


0-134 

7 0 

1670 

1588 


0 056 

0 6 

2475 

2170 


0 039 { 

0 35 

0-30 

| 3225 

2689 


Discussion. 

It is seen from the above results that the energy distribution among the 
positive ions striking the cathode of a glow discharge between plane parallel 
electrodes is, in any one gas, a function of pressure alone. At any particular 
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pressure the number of ions possessing any one energy is approximately pro¬ 
portional to the discharge current. 

The maintenance of the glow discharge is generally assumed to be effected 
by the liberation of electrons from the surface of the cathode by the impact 
or neutralisation of positive ions. If n positive ions are required on the 
average, to produce one electron from the cathode, then the electron set free 
must produce a mean number of ions, », sufficient to reproduce itself when 
they reach the cathode. These ions will be produced throughout the dark- 
space and, in the absence of loss of energy by collision with gas atoms, will 
strike the cathode with energy corresponding to the potential difference 
between the place of origin and the cathode surface. According to Aston* 
the field in the dark-space is a linear function of the distance from the edge of 
the negative glow, but observation of the Stark effectf shows that the field 
exhibits a maximum in the immediate neighbourhood of the cathode, and falls 
off rapidly between there and the surface. The number of ions produced by 
an electron per centimetre of its path through a gas is a function of the energy. 
It is zero for energies smaller than the ionisation energy, increases linearly 
from that value to twice the ionisation potential and then more slowly to a 
maximum at an energy which lies, in general, between 50 and 100 volts, 
thereafter decreasing. The existence of this maximum affords a qualitative, 
though not quantitative, explanation of the normal cathode fall of potential. J 
Let us see what energy distribution among the positive ions would follow from 
these facts. 

Electrons set free from the cathode surface will not produce ions till they 
have fallen through the ionisation potential of the gas. Thus, m the absence 
of collisions, there would be no ions c olliding with the cathode with energy less 
than this value. At reasonably low pressures in air and argon the number of 
ions with energies less than about 300 volts falls off rapidly with decrease in 
energy and appears to be very small indeed for low energies, as shown m fig. 4. 
It is difficult to make any quantitative estimate of the way m which the ionisa¬ 
tion will vary with distance from the cathode, for the field is varymg, while 
the original electrons will be mixed with the new-born ones resulting from the 
ionisation along tho path. It can be shown (J. J. Thomson, loc. ett .) that 
Aston’s linear variation of the field is consistent with the assumption of 
uniform ionisation throughout the dark-space. Hence we would assume that 

♦ 4 Proo. Roy. Soc.,’ A, vol. 84, p. 526 (1911). 

t Bros©, * Ann. Physik,* vol. 58, p. 731 (1919). 

t Steinbeck, 4 Z. Physik,’ vol 53, p. 192 (1929). 
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the number of ions with any given energy would increase rapidly above the 
ionisation potential, approaching a constant value which would be main¬ 
tained, in the absence of collisions, up to the potential corresponding to the 
cathode fall, and would then drop suddenly to zero. The experimental energy 
distribution curves show a maximum, however. 

The cathode dark-space is of the order of 20 to 100 molecular free-paths in 
thickness, but, owing to lack of knowledge of the relation this bears to the 
mean-free-paths of positive ions, we cannot calculate the loss of energy of the 
ions as they pass across the dark-space. Experiments on the mean-free-path 
of positive ions in gases have been made by several investigators,* but the 
results obtained have little application to the discharge since they have practi¬ 
cally all been carried out with ions moving in some different gas. There is 
also the difficulty that there are two different processes by which the energy 
of the positive ions may be degraded. Firstly, ordinary collisions between the 
ions and the atoms of the gas, which have the same mass, will lead to loss of 
energy and to deviation from the original path. Secondly, a process of electron 
exchange may take place between the ion and neighbouring atoms, by which 
the ion is neutralised and a fresh ion produced without there being, necessarily, 
any exchange of kinetic energy. This process has been investigated by Kallman 
and Rosen,t who found that the probability of this transfer depended very 
markedly on the relation between the neutralisation energy of the ion, N, 
and the ionisation potential of the neutral atoms, I. When the difference 
(N — I) is large the probability of transfer of the electron is small, but it 
increases rapidly as (N — I) decreases to small values, approaching a finite 
maximum when (N — I) is zero. Now in the discharge in simple gases we 
are concerned with the passage of ions through the gas from which they 
originated by simple ionisation, so that N and I are identical. It follows that 
the process of capture of electrons will be very marked, and that fresh slow 
ions will be produced throughout the dark-space by the neutralisation of the 
original ions. It is impossible to make any quantitative estimate of the 
frequency of the exchange, as it is certain that the presence of a large electric 
field will considerably modify the value found in a field-free space. However, 
it is possible that this process would account for the presence of the peak found 
in the experimental energy distribution curves given in this paper, with the 
resulting preponderance of slow-moving ions. 

* Dempster,' Proo. Nat. Aoad. Soi., Wash.,’ vol. 12, p. 96 (1926). 

f * Z. Physik,* vol. 61, p. 61 (1930). 
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Under the conditions which exist in most discharge tubes the number of 
electrons set free from the cathode by the impact of a positive ion increases 
with the energy of the ions. The cathode fall of potential is much reduced if 
the efficiency of liberation of electrons by the ions is increased. For instance, 
in the same gas the cathode fall is much greater with the negative electrode 
made of a metal such as clean platinum than it is when that electrode is covered 
with an alkali metal. It is known that the impact of a positive ion of given 
energy sets free many more electrons in the latter case than it does in the former. 
Now if the ions which traverse the dark-spaco lose much energy by collision 
we would expect that a reduction of the length of the path of the ions through 
the gas before they reached the cathode would increase their average energy, 
and hence decrease the cathode fall by increase of the number of electrons 
liberated. A magnetic field applied to the discharge parallel to the cathode 
surface reduces the width of the dark-space by curving the paths of the electrons 
which probably traverse the same length of path through the gas m travelling 
to the negative glow as they did in the absence of the field. However, the 
positive ions will be scarcely affected by the small field requirod, and will now 
traverse a much smaller path through the gas before colliding with the cathode. 
We would expect a reduction of the cathode fall of potential under these 
conditions. Holm* has shown that the width of the dark-space may be 
reduced to one-tenth of its original value without appreciably altering the 
cathode fall. This would indicate that the energy distribution of the ions 
was unaffected by the presence of the field and the reduction in the length of 
path through the gas. We must conclude that the ions make few, if any, 
collisions with gas molecules which result in a loss of kinetic energy as they 
traverse the dark-space. On this account it is perhaps not surprising that we 
find some ions present which have the full energy corresponding to the cathode 
fall of potential, as shown in the curves given in this paper. 

We have tested the conclusions of the last paragraph by applying a magnetic 
field parallel to the surface of the cathode of the second form of apparatus, 
and determining the energy distribution among the positive ions. It was 
found that the mean of two distribution curves taken with the field in each of 
two opposite directions was identical with the distribution found without the 
field, even when the dark-space was reduced to one-half or less of its former 
value. We are thus led again to believe that positive ions do not lose energy 
by collision in the dark-space. This experiment also shows that the small 


* 1 Phyii. Z vol. 16, p. 20(1915). 
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slit in the cathode can have no perceptible influence on the energy distribution 
among the positive ions which strike it, an influence which might be expected 
on account of the reduced electron current outwards, for with a magnetic 
field the ions come from a part of the dark-space and negative glow which is 
effectively over another portion of the cathode. 

The experimental results show that the number of ions with a given energy 
increases proportionally with the current at any particular pressure. However, 
if the voltage is kept constant and the current is varied by varying the pressure, 
it is found that the number of slow ions increases with the current, i.e., with 
the pressure, more rapidly than the number of faster ions, as shown in fig. 9. 
This is possibly due to increase in the probability of electron exchange with 
increase in the pressure of the gas. 

Summary. 

(1) The energy distribution among the positive ions which strike the cathode 
of the glow discharge through gases has been determined by the retarding 
potential method and by an electrostatic focussing method. It is found that 
the distribution is independent of the current and the voltage across the dark 
space within the rather large errors of measurement. It is a function of 
pressure alone. 

(2) The maximum energy of the positive ions is equal, within the experi¬ 
mental error, to the cathode fall of potential 

(3) At a constant pressure the number of positive ions with any particular 
energy increases proportionally with the current density in the discharge. 

(4) At a particular voltage the number of positive ions with small energy 
increases more rapidly than the number with higher energy as the pressure, 
and hence the current density, is increased. 

(5) A partial explanation of the distribution found is offered in terms of 
the variation of the efficiency of ionisation by electrons with change in their 
energy, and of the process of electron exchange bet ween the ions and the neutral 
atoms of gas. This discussion leads to the conclusion that the positive ions 
do not make an appreciable number of collisions with gas molecules which 
result in a loss of energy, m spite of the fact that the dark-space is from 20 
to 100 molecular free-paths in thickness. 
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The Scattering of Alpha Particles at small Angles by Helium. 

By P. Wright, Pli D., Fellow of the University of Wales. 

(Communicated by Lord Rutherford, F R.S.) 

(Received June 10, 1932 ) 

It has been shown by Mott* on the basis of the wave mechanics, that m the 
case of collisions between identical particles the scattered particles should 
interfere with the projected particles travelling in the same direction. When 
a-particles are scattered in helium, if the scattered oc-particles and projected 
helium nuclei of similar velocity are identical m all respects, there will be 
interference between the two streams of particles For collisions in which 
the particles act upon each other with forces varying as the inverse square of 
the distance between them, the interference results in the scattering intensity 
varying above and below the classical value and rising to double the classical 
numbers at 45°. At small angles the scattering predicted by the quantum 
mechanics does not differ greatly from that given by the classical theory. 

An experiment earned out by Chadwickf showed quite definitely that for 
sufficiently slow a-particlea the amount of scattering at 45° was double that 
of the classical theory. For these a-particles of low velocity the results showed 
that the forces vaned very little from Coulomb forces ; hence it was evident 
that the discrepancy was due to the failure of the classical theory. The 
scattering of slow a-particles by helium has also been investigated by Blackett 
and Champion} by means of an expansion chamber. The observed scattering 
was in good agreement with the wave mechanical scattering. These experi¬ 
ments verify the assumption upon which Mott s theory is based, namely, 
that it is impossible to distinguish between an a-particle and a nucleus of 
helium travelling at the same velocity. Thus the helium nucleus has no spin 
or vector quantity associated with it j its field of force is perfectly spherical. 

The distance of collision for the slowest a-particles used in Chadwick’s 
experiments on the scattering at 45° was about 7'8 X 10 18 cm, and the 
results suggested that a true change in the law of force takes place at smaller 
collision distances. From previous observations by Rutherford and Chadwick§ 

* * Proc. Hoy. Soc A. vol. 126, p. 269 (1930). 

f ‘ Proc. Roy. Soc.,' A, vol. 128, p. 114 (1930). 

J ‘ Proc. Roy. Soc.,’ A, vol. 130, p. 380 (1931). 

$ ‘ Phil. Mag.,’ vol. 4, p. 606 (1927). 
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of the scattering at small angles, it appears that the distance of approach between 
the centres of colliding particles must be nearer 16 X lO" 1 * cm. before inverse 
square numbers are reached. The effects of polarisation would not account 
for the departure from classical scattering at these comparatively great dis¬ 
tances of collision. 

In the experiments* on the scattering at small angles the low velocity 
a-particles were produced by placing absorbing sheets of mica in the path of a 
beam of particles of initial range 6 • 9 cm. from a source of radium active deposit. 
It is probable that these measurements were unreliable owing to the hetero¬ 
geneity of the incident beam brought about by the passage of the a-particles 
through the absorbing sheets of mica. In the present series of experiments 
the measurements of scattering at small angles were repeated and extended 
to scattering of a-particles of low velocity by using a-particles of smaller 
initial range, 3*9 cm., from polonium. The scattering was measured for the 
ranges of angles 8° to 12° and 12° to 18°, so without involving any appreciable 
error the results may be taken to represent the scattering at 10° and 15° 
respectively. Shortly after these experiments had been completed, a wave 
mechanical solution of the problem of the anomalous scattering by helium and 
hydrogen was put forward by H. M. Taylor, f The scattering deduced from 
this theory is in close agreement with the observed scattering by hydrogen and 
is in fair general agreement with the observed scattering in helium. 

The anomalous scattering is explained by the wave mechanics as a conse¬ 
quence of the scattering by the non-Coulombian fields of force. TaylorJ 
points out that, without any specific model of the nucleus, the anomalous 
scattering at any given velocity can be deduced in terms of a single parameter 
which determines the amplitude of the spherically symmetrical wave scattered 
by the region where the interaction energy differs from the Coulomb value. 
For scattering in helium, the ratio R of the number of particles scattered 
through an angle <f> to the classical Coulombian number is given by 

R ^ 1 cosec 8 4 >. e-* lng rin "» + sec 8 <f> e‘ w 1( * ct »' + + 2 i (e« K * — l)/a*|* 

cosec 4 <f> + sec 4 <f> 

where K 0 is the single parameter referred to, and a = &xt % /vh, v being the 
velocity of the incident a-particles. 

The experimental value for R at any one given value of <f> and v determines 

* ‘Phil. Mag.,’ vol. 4, p. 605 (1927). 
t ‘ Proc. Roy. Soo.,’ A, vol. 134, p. 103 (1931). 
t 1 Nature,’ vol. 129, p. 66 (1932). 



The Scattering of Alpha Particles by Helium . 079 

K 0 ior that velocity, and the formula will then predict It for other angles. If 
the values of K 0 are calculated for two or more different velocities, they can be 
used to determine a model for the nuclear field. The model determined by 
Taylor from the observed scattering in helium is of the type postulated by 
Gamow to account for radioactive phenomena. 

In the more complete treatment of the problem a senes of phase constants 
K 0 , K,, K 4 , K Bn , should be considered, though good reasons are produced 
to show that only the first term involving K 0 is of importance. However, the 
term in K a becomes zero for <f> = 27° 23' so that it would be possible to 
calculate K 0 exactly from the experimental scattering at this angle, provided 
that the remaining terms of the senes are negligible. Using values of K 0 
calculated from the observed scattering at 27°, it would then be possible to 
deduce the corresponding values of K 2 from the observed scattering at another 
angle. With this object in view, measurements of the scattering at 27° 
(angular limits 23° to 31°) were made. It has been found, however, that the 
theory cannot be extended with advantage beyond a consideration of the 
single parameter K 0 . 


The Experimental Method . 

The experimental arrangement used m these experiments was the annular 
ring method as adapted for the observation of scattering of a-particles in a gas by 



Fig. 1. 


Rutherford and Chadwick (Joe. ct/.). The incident beam of a-particles proceed¬ 
ing from a source S was an annular ring of limits ^ x /2, fig 1, defined by the 
diaphragms A and B, while a similar pair 0 and D defined the scattered beam 
received by the counting area Z. The region of the gas effective in scattering 
particles to Z was an annular ring, shown shaded in fig. 1. 
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For helium, the number of a-particles scattered per Becond to unit area at 
Z, on classical theory and for Coulomb forces, is given by 

(oosec 1 <fi 1 — cosec* 

lOf - 

where 

Q = number of a-particles emitted per second by source, 
n = number of helium atoms per cubic centimetre, 
t = mean scattering path in the gas, 
r = mean distance from source to scattermg region, 

, _ 2E* 

MV** 

Similarly the number of projected helium nuclei reaching unit area at Z 
per second should be 

Qntb 2 , 2 j • j , 

(sec* <f> t - sec* A). 

These projected helium nuclei correspond to a-particles scattered between angles 
n/2 — <f> x and rc/2 — <f> r 

As in the experiments of Rutherford and Chadwick (loc. cit .) and of Chadwick 
(Zoc. cit.) the number of particles to be expected at Z according to the above for¬ 
mulas was determined by comparing the scattering in helium with the scattering 
in argon under the same conditions. To calculate the numbers directly from the 
formulas it would be necessary to have theoretically exact geometrical conditions 
in the apparatus and to know the efficiency of the counter, and the values of 
Q and of V. It is difficult to estimate V directly in cases where absorbing 
sheets of mica are placed over the source to produce incident a-particlos of 
lower velocity. By adjusting the pressure of the argon to give the same 
stopping power as the helium, the velocity distribution of the a-particles in 
the scattermg region can be made the same in both cases even if the beam is 
heterogeneous. It has been shown by Rutherford and Chadwick that in 
collisions between the a-particle and the argon nucleus the forces obey 
Coulomb’s Law. For scattering m argon, the number of a-particles arriving 
on unit area of the counting aperture Z per second is 

(log tan <f> t ji — log tan -f cot <^/2 cosec <f>J2 

— cot <f»J2 . cosec ^ t /2) 
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where 

= number of argon atoms per cubic centimetre, 

= t cos <f>/ 2, and t = mean scattering path in the gas, 

<£/2 = iill ± ill* 

b t = 36e. E/MV*. 


The apparatus employed is shown in fig. 2 and was similar to that used by 
Rutherford and Chadwick except that the scintillation screen was replaced by 
the window of a Greiger proportional counter. The needle of the detector was 



connected to a four-stage valve amplifier and the impulses recorded by means 
of headphones. The counter was mounted in a large ebonite plug fixed m the 
end plate of the scattering chamber VV, and presented an aperture of diameter 
0*56 cm., covered with a mica window of 0*7 cm. stopping power, for the 
reception of the scattered particles. The counting area was tested and found 
to be uniformly efficient for the recording of a-particles entering the counter 
in the direction normal to the plane of the window. The case of the counter 
was charged negatively to about 1000 volts and the air in the counter was at 
the critical pressure of 10 cm. of mercury. Under these conditions the current 
from the detector was proportional to the ionisation; hence disturbances 
due to |3- and y-radiation were usually small. 

The source, a disc of 5 mm. diameter, was enclosed in a brass tube T the 
end of which was covered with a thin sheet of mica or, in some cases, a film of 
collodion. This tube was provided with a separate connection, via a U-tube 
in liquid air, to the pump system, in order to avoid contamination of the 
scattering chamber. 
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The diaphragms A and D consisted of graphite sheets having circular aper¬ 
tures of diameter 9 mm. and the diaphragms B and C were graphite discs of 
the same diameter. The source and diaphragms were carried on a brass plate 
fixed to the base of a cylindrical brass vessel W. The source, diaphragms and 
counting aperture Z, were carefully centred on a common axis. 

To reduce extraneous scattering all metal surfaces were covered with paper. 
The apertures A and D and discs B and C had the same diameter 9 mm., the 
diameter of the source being 5 mm., so that the scattering to Z from graphite 
edges was usually negligible. The amount of contamination together with the 
natural effect could be determined at any time during an experiment by 
rotating m front of the source a graphite screen carried by the ground joint G. 
By rotating the ground joint still further a sheet of mica could be introduced 
in the path of the incident a-particles so that the scattering of two different 
ranges of a-particles could be compared in the course of one experiment. 
Usually, the same mica screen was used throughout a series of experiments at 
any one angle of scattering and further reduction in the range of the a-particles 
was brought about by placing sheets of mica or films of collodion over the end 
of tube T in addition to the fixed mica or collodion window. 

For a-particles of range greater than about 3 cm. the active deposit of radium 
on a 5 mm button of polished nickel was used as a source, and for ranges 
shorter than 3 cm. a platinum disc of diameter 5 mm. coated with polonium was 
used. The source was fixed in the tube T and the carrier inserted in the scatter¬ 
ing chamber which was then slowly evacuated. A good vacuum was necessary 
in order to prevent discharges from the case of the Geiger counter to the 
scattering chamber. The amount of extraneous scattering was then determined 
from the number of a-particles entering the counter. 

Pure hehum was admitted slowly into the scattering chamber through a 
U-tube containing charcoal which was immersed in hquid air. After com¬ 
pleting the observations of the scattering in helium, the gas was pumped back 
into the container and the apparatus evacuated. Argon was then introduced 
and corresponding observations carried out. 


Results and Discussion . 

Each point on the graphs given below represents the mean of the results of 
several experiments in the cases where Ra (B + C) was used as the source of 
a-particles. With helium as the scattering gas, it was usually possible to count 
several hundred particles, and with argon several thousand, in each experiment. 
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The error due to probability fluctuations is less than 5 per cent, for the mean 
values given. 

In general, the argon scattering was found to obey the Coulomb Law. 
Apparent deviations were, however, observed with incident oc-particles of low 
initial range. With the method of counting used in these experiments it was 
not feasible to carry out observations with a-particles, of energies at the 
scattering region, corresponding to ranges less than about 1-5 cm. Owing to 
the heterogeneity of the beam, due to straggling effects, and to the fact that 
the a-particles pass through the absorbing screens at different angles, many 
of the particles fail to penetrate the mica window of the Geiger counter. This 
was evident from the observations of the scattering in argon, particularly in 
the experiments at larger angles of scattering. A marked deficiency of 
scattering was observed at 27° with incident a-particles of low initial range. 
The angular limits m this series of experiments were 23° and 31°, the distance 
between source and counter was only 5*9 cm. compared with the distance of 16 
cm. for scattering at 10°, and the diameters of the source and counter window 
were not small compared with the diameters of the diaphragms. Thus many 
of the particles arriving near the circumference of the counter window are those 
scattered through angles greater than 31°. They enter the mica window 
obliquely and many of them fail to be recorded. 

When an a-particle is scattered through a large angle by collision with a 
heli um nucleus it loses energy. It is possible that with the a-particles of 
smallest initial range dealt with in these experiments, the efficiency of counting 
was less in the helium observations than in those with argon. Tho difference, 
which should be small for the angles at which scattering was observed in 
this investigation, would tend to make the observed ratios smaller than they 
should be. 

The pressures of helium used varied from about 5 cm. to 45 cm. according 
to the range of the a-particles and the angle of scattering. In order to reduce 
the absorption of the scattered particles in the gas the pressure of helium was 
adjusted as low as was sufficient to give a convenient number of particles for 
counting. 

The scattering was observed at mean angles ot 10 , 15 and 27 for 
several ranges of a-particles between 1*4 cm. and 6 cm. The ratio R of the 
observed to classical scattering in helium was determined by dividing the ratio 
of the observed scattering in helium to the observed scattering in argon by 
the calculated ratio of scattering in helium to scattering in argon. The mean 
values of R, and the average range of the a-particles at the point of scattering, 
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for the series of experiments at each of the above angles of scattering, are 
tabulated below. 


Scattering at 10°. (Angular limits 8° to 12°.) 
Ra (B + Cf) source. 


Range. 

0-6 

4 9 

4*4 

3*7 

31 

2*5 

R 

0 90 

0 65 

0 51 

0 42 

0 53 

0 82 




Po source 





Range. 

3 4 

3 3 

3 2 

3 0 1 

1 

2 6 j 

2 5 

1*0 

1-4 

R 

0 fll 

0 58 

0 60 

0 64 

0 78 

0 80 

0 87 

0-87 


Scattering at 15°. (Angular limits 12° to 18°.) 
Ra (B + C) source. 


Range 

5 9 

5*2 

| 4 0 

i 

4 8 j 

4 2 

3-7 

R 

25 

1-7 

1 4 

1 3 ^ 

0 03 

0*40 


Po source. 


! 

Range. 

2 8 

2 l 

R 

0 07 

0 87 


Scattering at 27°. (Angular limits 23° to 31°.) 
Ra (B -f- C) source. 


Range. 

6 1 

0 25 

4 7 

j 

4 3 

3 8 

3 3 

2 8 

R 

3 7 

2 83 | 

2 26 

2 0 

1 50 

1*23 

100 


Po source. 



Range. 

3 0 

2 55 

20 

1 6 


R. 

0-97 

0-97 

1 00 

1-2 
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In figs. 3, 4, and 6 the values of R predicted by Taylor's theory are shown 
by the broken lines. They are calculated from the formula involving the single 
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Fia. 3.—Scattering at 10°. 

parameter K 0 . The numerical values 
those deduced by Taylor (loc at) from 
assumption that the remaining phase 



? MANGE 4 CM 6 
Fig. 4.—Scattering at 15°. 


of K 0 used for the calculation were 
the observed scattering at 45°, on the 
constants K 2 , K*, , K an may be 
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Fig, 5.—Scattering at 27°. 


neglected. It will be shown later that it is not possible to obtain from the 
observed scattering at 27° a set of values of K 0 which can be U8ed to predict 
the scattering at other angles. 
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The theoretical curves do not extend to ranges of a-particles beyond about 
5*4 cm. The equation for has no real solution at higher velocities, that is, 
the phase change K 0 by itself is unable to account for the large values of the 
anomalous scattering. 

The observed scattering at 10° and 15° is in general agreement with previous 
measurements 41 of the scattering at these angles. Divergences occur at 
shorter ranges where the earlier experiments were in error due to the effects 
of straggling, etc. For the lower velocities of a-particles used, the observed 
scattering at 10°, 15° and 27° approaches closely to that predicted by Mott for 
inverse square forces. 

Curves giving the values of Kq calculated from the scattering at 27° are 
shown in fig, 6. It will be observed that there are two values of K 0 corre¬ 
sponding to each value of the range or velocity. Now, at low velocities the 
scattering is Coulombian, hence K 0 must tend to zero as the velocity diminishes. 


1 <) 


a. 



to 


oo 


01 5 07 09 V/V 0 09 

Fio. 6.—Values of K* calculated from scattering at 27 9 . v =* velocity of incident 
oc-partioles, v 0 =* velocity of a-particles from RaC, 1*922 X 10* om./Boc. 

Again, for large values of the velocity, K 0 must be positive since the divergence 
of the potential field from a Coulomb one is such as to make the wave-length of 
the wave function for r < a, where r is distance from the centre of the nucleus 
and a is the radius within which the forces are no longer inverse square, less 
than the wave-length in the Coulomb field. Hence it becomes necessary to 
suppose that the two sets of values of K 0 are in reality cross connected. Such 
a procedure is more dubious here than in the case where the curves for K 0 are 
calculated from the scattering at 45°, and it would be futile to attempt to use 


* 1 Phil. Mag.,* vol. 4, p. 605 (1927), 
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values of K 0 thus determined to deduce values of K, from the observed 
scattering at another angle. Values of K a were calculated, however, from the 
lower curve for K 0 and the observed scattering at 45°, though there are objec¬ 
tions to this procedure. The scattering at other angles calculated by using the 
two parameters K 0 and K a was found to differ very widely from the observed 
scattering. 

It is evident that the analysis cannot be extended to a consideration of 
more than one parameter K 0 The fact that the observed scattering at 27° 
does not provide a set of values of K 0 , which can be used to deduce values of 
the second parameter K 2 , would appear to indicate that the remaining terms 
of the series are of some importance At the same time, the scattering deduced 
by using the approximate values of K 0 , determined from the observed scatter¬ 
ing at 45°, is in fair agreement with experiment. It must be concluded, 
therefore, that if more than one parameter is to be used then it is necessary to 
consider not only K a but also the remaining terms of the scries. 

The agreement between the scattering deduced using a single parameter, 
and the observed scattering at angles 45° to 10°, is sufficiently close to support 
the general explanation put forward by Taylor, namely, that the phenomenon 
is a consequence of the wave mechanical scattering by the region of the helium 
nucleus where the forces differ from inverse square forces 


Summary . 

Earlier work by Rutherford and Chadwick on the collisions of a-particles 
with helium nuclei seemed to point to some asymmetry of the helium nucleus, 
whereas we know now, both from spectroscopic evidence and studies of 
collisions of certain types, that the helium nucleus is perfectly symmetrical. 
The present experiments have in general confirmed and extended the older 
work. The results thus suggested a contradiction in our ideas Before the 
work was completed, however, a satisfactory explanation of the anomalous 
scattering was given by H. M. Taylor on the basis of the wave mechanics. 

The experimental arrangement used in this investigation was the annular 
ring method as adapted by Rutherford and Chadwick for the observation of 
scattering of a-particles in a gas. The scattered particles were recorded by 
means of a Geiger proportional counter used in conjunction with a valve 
amplifier. The agreement between the observed scattering at angles 10°, 
15° and 27°, and the scattering predicted by Taylor’s theory was sufficiently 
close to support the general explanation put forward by Taylor, namely, that 
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the phenomenon is a consequence of the wave mechanical scattering by the 
region of the helium nucleus where the forces differ from inverse square forces. 
The present paper shows that the collisions of a-particlcs with helium nuclei 
can only be explained on the wave mechanics and it indicates also how far 
such calculations can give an accurate picture of the collision processes. 

It is a pleasure to express my thanks to Lord Rutherford for his interest m 
this research and to Dr J. Chadwick, who suggested the problem, for much 
valuable advice. I also wish to acknowledge my indebtedness to Mr. J. P. 
Gott who collaborated with me in the earlier stages of the work, and to Mr. 
H. M. Taylor for many helpful discussions. 


The Scattering of Fast $-Particles by Electrons . 

By F. C. Champion, Ph.D., Cavendish Laboratory, Cambridge. 

(Communicated by Lord Rutherford, 0 M., F.R.8 — Received June 26, 1932.) 

[Plate 22 1 

1. Introduction . 

In a recent paper,f it has been shown, using the expansion method, that the 
simple relativistic expressions govern the transfer of momentum and energy 
during the close collisions of fast (3-particles with electrons. The present 
paper gives an account of an investigation of the scattering of fast (3-particles 
by electrons, using the expansion method. 

Among the many formul®t which have been proposed to express the inter¬ 
action of two electrons, the relativistically invariant expression due to Moller§ 
appears to be the most satisfactory theoretically.|| Moller has referred the 
scattering for all velocities^ to a Lorentz frame of co-ordinates in which the 

t Champion, 1 Proc. Roy Soc.,’ A, vol. 130, p. 630 (1932). 

} Gaunt, 1 Proo. Roy. Soc., 1 A, vol. 122. p. 513 (1029); 4 Phil. Trans.,’ A, vol. 228, p. 161 
(1929); Breit, 4 Phys. Rev.,’ vol. 34, p. 653 (1930); Wolfe, 4 Phys. Rev.,’ vol. 37, p. 691 
(1931); Inglis, 4 Phys. Rev.,’ vol. 37, p. 795 (1931). 

g 4 Z. Physik,* vol. 70, p. 786 (1931). 

|| Dirac, 4 Proc. Roy. Soo.,’ A, vol. 135, p. 463 (1932); Heisenberg, 4 Ann. Physik,* 
vol. 13, p. 430 (1932). 

If The writer is indebted to Dr. Moller for communicating these results by letter. 
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momenta of the two electrons arc equal and opposite. The observed angle of 
scattering 0 is connected with 0*, the angle of scattering in the Lorentz frame, 
by the relation 


x — cos 0* — 


2 — (y + 3) sin 2 0 
2 -f (y " 1) rin* 0 * 


( 1 ) 


where y = 1/(1 — p 2 )* and p — v/c, v being the relative velocity of the two 
particles before collision and c the velocity of light. 

The expression for the scattering is 




Y a ((l-x*)* 


(1 -*) 4 y ! 


+ ^'[ 1 + (^ h )]}-< 2 > 


It is interesting to note that the formula contains no terms in Planck’s con¬ 
stant h . At low velocities, equation (2) becomes 


dQ(0) = 



0 + sec 4 0 — cosec 2 0 sec 2 0) 


— ^ [4 cosec 4 0 -(- 3 sec 4 0 — 2 ooho <, 2 0 see 2 0 — 3 sec 2 0] j. (3) 

Now Mottf has obtained the following foimula for the scattering of slow p- 
particlesj by electrons *— 


dQ (0) = ( {cosec 4 0 | hoc 4 0 — cosec 2 0 so< 2 0 eos U} sm 20 2d0 d<f> (4) 
where 


U — . - . log cot 0. 

137 v h 


It is clear that the first two terms in the first bracket of (3) and (4) represent 
the p-particles scattered and the electrons projected through 0 respectively 
according to classical non-relativistic theory.§ Further, when U is nearly 

t 4 Proc. Hoy. Soo.,’ A, vul 12ti, p 259 (11*30). 

J This formula has been confirmed experimentally for slow p-particles by Williams, 
4 Proc. Hoy. Soo.,’ A, vol. 128, p 459 (1 ( >30), using the expansion method 

§ The term “ classical non-relativistic theory ” is used here and throughout this paper 
to refer to the cose where the mass of the moving particles is assumed to be invariant and 
equal to the rest mass of the electron Much a case does not occur in reality but we wish 
to compare the scattering laws m the regions when* the relativity effects are appreciable* 
with those obtained by a complete neglect of relativity. Further, we wish to see what 
empirical changes we must make in a completely non-relativistic formula in order that the 
new formula may agree with experiment. The rest mass, in this paper, is always denoted 
by wifl, but it should be observed that in much of the existing literature, especially on the 
theoretical side, the symbol m without the suffix often stands for the rest mass 
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zero, that is when the velocity is not too small, Mott’s formula (4) reduces to 
the first bracket of (3). The term in p a in (3), which » not given in Mott’s 
expression, clearly represents the “ relativity effect ” for velocities which are 
not too great. For small angles of scattering this term becomes (3 s cosec 4 6, 
the exchange term of Mott and the sec 4 0 term may be neglected, and the 
expression reduces to the classical non-relativistic formula with m 0 /(l — (3 a )* 
in place of w 0 .f 

Mott’s formula predicts, at large angles of scattering and large velocities, 
considerably less scattering than that predicted classically, the ratio being one 
half for all velocities when 0 is 45°. Equation (3) predicts even leH« scattenng 
than Mott’s formula; hence both the exchange effect suggested by Mott and the 
effect of relativity combine to reduce the scattering much below that predicted 
classically for the interaction of two point charges obeying Coulomb’s law of 
electro-static repulsion. 


2. Experimental Method . 

The great advantage of the expansion method in investigating the present 
problem lies in the fact that it is the only method that separates the nuclear 
scattering clearly and definitely from the electron scattering. Williams and 
TerrouxJ have considered the scattering of fast p-particles by electrons up to 
angles of about 12°, actually measuring not the angles of scattering, but the 
ranges of the recoil electrons. In a total track length of about 18 metres, with 
P varying from O’60 to 0*97, they obtained about 70 branches with energies 
from 7600 to 40,000 volts. This number they compared with the values 
deduced from Bohr’s formula,§ 



where P(Q) is the probability of formation of a branch track having an energy 
between Q and Q + dQ> v being the velocity of the incident particle. In 
obtaining this formula the electrons were treated classically as particles but 
the effects of relativity were considered. At higher velocities the observed 
scattering was about twice that predicted theoretically but the ratio decreased 
with decreasing velocity. 

t It should be observed that we oannot call the formula so obtained, with m (where 
m = m 0 /(l — p*)t) in place of the ckuncal relativistic formula, for it presumes that the 
mass of the eleotron in the atom is equal to that of the incident p-particle. 

t ‘ Eroc. Roy. Soo.,’ A, vol. 126, p. 289 (1930). 

§ • Phil. Mag.,’ vol. 30, p. 581 (1915). 
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The use of an automatic expansion chamber for the production of a large 
number of photographs of fast (3-ray tracks has been described in a previous 
paper.f The two cameras are arranged with their axes mutually at right 
angles, and the angles of scattering are computed from measurements of the 
projected angles on the two films. The velocities of the particles are deduced 
from the curvatures of the tracks in a magnetic field, the latter being perpendi¬ 
cular to the plane of the chamber 

The present results are from the analysis of 4000 photographs, giving about 
30,000 tracks of fast (3-particles m nitrogen Summing the small lengths of 
track, a total track length of nearly 2 kilometres was obtained which was 
homogeneous m (3 to within 10 per cent In order, however, to measure the 
curvature of a track with reasonable accuracy for the purpose of deducing the 
velocity of the particle, it is necessary that the first half of the track should be 
free from nuclear or electronic deflections. The effective track length available 
for the actual observation of collisions is thus reduced immediately by one-half. 
The effective track length for a single particle was estimated at 5 cm. although 
the total track length visible in the chamber was often about 12 cm. In contrast 
to previous experiments, the ranges of the ejected electrons were not con¬ 
sidered, the actual angle of scattering being measured. The use of relations 
connecting range and energy was thus avoided 

3. The Results. 

In 650 metres of track, 250 collisions have been obtained with angles of 
scattering 6 greater than 10', and with (3 varying from 0-82 to 0*02. It was 
not feasible to count values of 0 less than 10° owing partly to the comparatively 
large percentage error which would be introduced and partly to the greatly 
increased number of measurements it would entail. 

For each collision, a dot corresponding to the observed values of 0 and (3 
was placed on a diagram with these quantities as co-ordinates, fig. 1. The 
density of the dots is then a measure of the scattered intensity. The scattering 
is no longer symmetrical about 0 = 45° owing to the fact that the angle between 
the two arms of a fork is not now equal to 90° but becomes a function of 0 
and y as given by equation (6) m a previous paper. J The broken line in fig. 1 
indicates the maximum possible angle of scattering for the range of velocities 
considered here ; it is therefore the line x — 0, where x is defined as in equation 
( 1 ). 


j- Champion, loc. cit. 
I Champion, loc . ctt. 


2 z 2 
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The number of collisions is observed to fall off extremely rapidly with 
increasing values of 0. For the purpose of numerical comparison with theory, 
another diagram (not shown) was plotted with x and y as co-ordinates, the 
integration boundaries being taken from y = 1*74 to the end of the (3-ray 
spectrum of radium E at about y = 3*0. These limits correspond to a range 



Vrloutv P 1 f 

Kig. 1. 


in velocity of J3 — 0 • 82-0 • 92, of Hp from 2400-5000 and of energies from 4(H),000 
to 1,100,000 volts. The number of particles with energies greater than 
800,000 volts, however, has been shown in a previous paperf to be only about 
5 per cent, of the total number of particles considered. For the integration 
limits of x those values corresponding to 0 equal to 10°, 20°, 30° and maximum, 
were taken It may be observed that x, besides being a function of 0, depends 
also on y 

The number of particles with velocities lying between values corresponding 
to y and y + dy, scattered through angles corresponding to x lying between x 
and x + dx, m going a distance dr m the gas is from (2):— 

dq — in ( No/ ( y , s) dx dn dr, (5) 

where N 0 is the number of scattering electrons per cubic centimetre of the 
t Champion, 4 Proc. Roy. Soc A, vol. 134, p. 672 (1932). 
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gas and dn is the number of p-partieles with velocities lying between y and 
y + dy, while /(y, x) is given by *— 


/(Y> 


_ £ _ i_l_ 

(y*— 1 ) (y — 1 ) ((I — j * 2 ) 2 


3 

(1 -x 2 ) 


+ 


(y-i)* 

4y* 




The quantity dn was obtained from data previously given by the writer.f 
It is clear that the chief factor influencing the decrease in the number of dots 
as we pass from left to right across the scattering diagram is the distribution 
of y in the 0-ray spectrum of radium E and not simply the smaller chance of 
scattering for a higher value of y. 

The integrations had, of course, to be earned out. graphically. The final 
results are shown in Table 1 Column 1 contains the angular limits of 0, 
and column 2 contains the observed numbers of dots m the throe cells. The 
numbers predicted by Moller's theory are given in the next column, while 
column 4 contains the values deduced from classical non-relativistic theory. 
Column 5 contains the values deduced from Mott’s equation (4) ; in the next 
column are given the values obtained bv substituting ni 0 /(\ — p 2 )* for m 0 in 
Mott’s formula. Column 7 gives the values obtained by treating the classical 
non-relativistic formula in the same way, while the last column gives the values 
obtained from this formula with T 2 in the denominator in place of (l.m^o 2 ) 2 , 
where T is the initial kinetic energy of the incident p-partide. 


Table I 


1 

! ! 

, 

1 

i 

1 1 

i 

5 

a 

7 

1 * 

1 

ObwMv^d 

1 

MOlle r. 

! (i 

1 

m (Mott) ; 

M(l fP). 

1 

ni -F) i 

! 

C/T* 

30-ma\ 

IU 

13 

57 

1 

2H 

7 

).» 

<1 

20-30 


30 

I4H 

105 

2(1 

37 i 

21 

10-20 

214 

210 

7hl 

050 

102 

1WO 

108 

Total 

250 

273 

wa 

! 7Hl1 | 

105 

242 

13H 


4. Discussion. 

First comparing the total scattering for 0 greater than 10°, it will be seen 
that the observed values and those calculated from Moller’s formula are in 


t Champion, ‘ l*roc. Rov Soe..’ A, vol 134, p 672 (1032). 
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good agreement^ The classical non-relativiatie formula predicts about 3£ 
times as much total scattering, but if corrected by writing T* in the denominator 
for (J/rtoV 2 )*, it gives about half the observed value. Writing w 0 /(l — (5*)* for 
tw 0 gives a value of the right order. It is worth noting that this treatment 
of the classical formula gives also to a first approximation the formula deduced 
by MottJ on quantum principles for the nuclear scattering of (3-particles. 
Mott’s formula for electron scattering gives about three times as much as that 
observed and when modified by the above treatment gives too little as shown 
in the next column. 

Examining the distribution of the scattering with varying 0 we observe 
good agreement with Moller’s formula. The non~relativistic formulae are all 
inapplicable but either M (1 — p 2 ) or C/T 2 give good agreement for angles 
greater than 20°. For angles hiss than 20° both these corrections give values 
which are too low, C (1 — p 2 ) being more satisfactory. This is to be 
expected, for we have shown that equation (3) reduces to C (1 — P 2 ) for small 
angles of scattering. The fact that the observed scattering falls so much below 
that predicted classically for angles greater than 10° indicates that the scattering 
below this angle must, in some region, be considerably greater than the classical 
values. This may account for the excess scattering found by Williams and 
Terroux for the branch tracks up to an angle of scattering of about 10". 

The only other experiment so far performed on the scattering of fast (3- 
particlesby electrons is that of Henderson,§ w T ho used the annular ling method. 
With angles of scattering between 10° and 30°, the results showed that hydrogen 
and helium possessed a scattering power for fast p-particles considerably in 
excess of that to be expected from classical considerations of the nuclear 
and electronic scattering powers of these dements. The conclusion that 
fhe observed electronic scattering was about three times that to be expected 
classically, after a certain correction had been made for the effects of relativity, 
cannot lie said to be in good agreement with the present results, for Henderson's 
correction was essentially that adopted m column 7 of Table I and the present 

f It should be remarked that the experimental difficulties encountered in determining 
the numbers of dots in the lowest cells of the scattering diagram for the scattering of slow 
a‘particles by helium (Blackett and Champion, ‘ Proc. Roy. Soc./ A, vol 130, p 380,1931) 
are not encountered in the corresponding process in the scattering of fast (S*particles by 
electrons. This is because it is very difficult to miss a small angle collision of a fast (3- 
partioJe with an electron, for the ionisation along the slow branch is much denser than that 
, of the parent .track or any geperal background of cloud that may be present. 

} 4 Proc. Boy. Soc.,’ A, vol. 124. p. 425 (1929); ibid , vol. 135, p. 429 (1032). 

§ 1 Phil. Mag.,’ vol. 8, p. 847 (1929). 
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results are observed to indicate a total scattering only slightly in excess of 
that calculated theoretically on this basis. Both experiments, however, show 
that the observed values are much less than those to be expected if the electron 
behaved classically as a small magnet with a magnetic moment equal to one 
Bohr magneton. It is now clear that since the de Broglie wave-lengths 
associated with the p-particles of the energies considered here are about 100 
times the closest distance of approach as calculated classically, classical con¬ 
ceptions are inapplicable. It. is concluded that Mollcr’a formula gives the best 
account of the scattering of elections by electrons. 

Summary . 

From the analysis of over half a kilometre of track of fast (J-particles in 
nitrogen, photographed by the expansion method, 250 collisions with atomic 
electrons have been obtained in which the angle of scattering is greater than 
10°. The velocities of the incident particles lay between 0-82 and 0*92 that 
of light. 

The absolute numbers scattered and the distribution with angle were in good 
agreement with a formula of Moller, based on quantum mechanics. 

It is a great pleasure to thank Mr. P. M. S. Blackett for ranch valuable 
advice and criticism throughout the present work 

Platk 22. 

Dfscnptton of Photographs (about one-and-a-quarter times natural size). 

(1) This shows a collision near the lower limit of angle measured, having 0 -- 12°. The 

recoil electron is observed to make Anothei collision near the end of its range 

(2) Two close collisions occur here on the same photograph. For the right-hand fork 

p 0 82, and it was therefore just included in the measurements. For this fork 
0 — 30°. The left-hand fork has p -- 0*90 and 0 -- 18°. In this case the collision 
occurred in the plane of the chamber and consequently the arms of the branch remain 
m the illuminating beam and also in focus. 

(3) Two collisions, one just below the angular limit of measurement and the other having 

p=- 0-88 and 0- 14°. 

(4) A close collision with p — 0*83 and 0 - 3P. 
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Non-Adiabatic Crossing of Energy Levels. 

By Clarence Zener, National Research Fellow of U.8.A. 
(Communicated by R H Fowler, F.R S.—Received July 19, 1932.). 

1. Introduction . 

The crossing of energy levels has been a matter of considerable discussion,* 
The essential features may be illustrated in the crossing of a polar and homo- 
polar state of a molecule. 



Let (x/R), (x/R) be two electronic eigenfunctions of a molecule with 

stationary nuclei. Let these eigenfunctions have the property that for 
R > R 0 , has polar characteristics, homopolar; while at R < R 0 , <j/ s 
has polar characteristics, ^ homopolar. In the region R = R 0 these two 
eigenfunctions may be said to exchange their characteristics. 

The adiabatic theorem tells us that if the molecule is initially in state 
and R changes infinitely slowly from R R 0 to R < R 0 , then the molecule 
will remain in state However, if R changes with a finite velocity, the final 
state (x/R) will be a linear combination 

<Mx/R) = Aj(R) <Ms/R) + A,(R) (x/R). (1) 

Neumann and Wigner (foe. cit.) have found the conditions for which 

A^O, | A, | ~ 1 

and 

I Ai| 1, A, 0, 

* Hund, ‘ Z. Physik,’ vol. 40. p. 742 (1027); Neumann and Wigner. ‘ Phy». Z.,’ vol. 30. 
p. 467 (1929); Kemble and Zener, * Phys. Rev.,’ vol. 33, p. 536 (1929). 
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respectively, without however obtaining the explicit dependence of the A'a 
upon the parameters of the system. 

In order that the problem of obtaining this explicit dependence may be 
reduced to a precise soluble mathematical problem, it is desirable to specify 
the conditions of the transition as simply as possible, at the same time retaining 
the essential features. 

Let <f> v <f> % be such linear combinations of ijq, that for all values of R, 
has the characteristics which <J/j has at R > R 0 , while <f> % has the character¬ 
istics which l ias at R ^ R 0 . In our molecular example, <f> x will Ik 1 a pure 
polar state, <f> 2 a pure homopolar state for all internuclear distances. While 
<f> v <f> 2 can be made orthogonal, they will not satisfy the wave equation for 
fixed nin lei, rather 

H<Ai - t x + 1 ^ 

H<f> t — i lt (f>i + Eg </>t J 


The simplifications which will be made in order to obtain the explicit functions 
A v A 2 , are the following 


(«) Si 8 (R 0 )< the relative kinetic energy of the two systems. Under this 
condition the motion of the centres of gravity of the two atoms, or m 
general of the two systems, may be treated as external parameters. 
That is, the variable R becomes a known function of time. 


(b) 


The transition region is so small that in it we may regard s* as a 
linear function of time, and c 13 (R), ^(j;/R), <f> % (xjR) as independent of 
time. This condition is satisfied provided e lfl (R 0 ) is sufficiently small. 
Since only the characteristics in the transition region are of importance, 
this condition enables us to replace the physical problem by an ideal 
problem in which 




®h — ~ ~ ® 


(3) 


for all time. 


If the relative velocity of the atoms is constant, assumption ( b ) leads to the 
relationship shown in fig. 2 between tj(K), i,(R) and the eigenwerte of 4h> 
<|i a , namely E, (R), E„ (R). 

E, (R), E,(R) are hyperbolas having t,(R), c,(R) w asymptotes. The 
closest distance between E ( and E s , %.t., E, (R # ) E t (R 0 ), is given, by 

2*„(R g ). 
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2. Analysts. 

In the analysis it has been found more convenient to use the linear com¬ 
binations </> v <f> % of the exact adiabatic solutions rather than these 



Fig 2 —Crowing of energy levels in idealised problem. Full lines are adiabatic eigen wexte. 

solutions themselves. Further, it has been found advantageous to start trom 
the wave equation in the form 

( H - ^ J) {o a (0 ef\"fa (r) + C 2 (0 Jr S •'fa (,)] 0 


The relations (2) reduce this wave equation to two simultaneous first order 
differential equations in the (J’s. 


*Jm Si 


h_S Cg 
2m Si 


Cj 2 0, 


J 


(4) 


The boundary conditions under which these equations are to be solved 
must correspond to our knowledge that initially the system is m state or 
^ a , which are equivalent when R R 0 . These conditions are thus 


<!<-«) = (5 a ) 

|C S (- «c)| 1. (5 b) 


If we call |Aj(K R 0 )| 2 of (1) thfi probability P of a non-adiabatic tran¬ 
sition, then 


P= |C,(x)|»-l- |C 1 (*)|« 
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We thus need know only the asymptotic values of the solutions of (4). 
Elimination of C 2 from (4) leads to the single equation 


S'+ {*<*—>-$§ + 1^“ f«4-a 

Substitution of the assumption (3), together with the definition 

f 2716,2 

J * h 

and the substitution 


C 1 = c ‘*J (, |- ) "lT l 

reduces (6) to the Welier* equation 


^ + (/*-f + ^ > )U I =o. 


( 6 ) 


This is thrown into the standard form 


by the substitutions 

: t- a* e lir/4 l 

/* — (P/a. 

The Weber function l)_ ll _ 1 (?z) is a particular solution of this equation 
which vanishes for infinite z along the directions co exp (— fro) and 
oo exp (— Jrc?). Hence the solution 

UiW= , i(T4 «*<>, 

satisfies the first boundary condition (5 a). 

The constants A ± are determined from the asymptotic values 

1) „ , (,R e- *-0 5 SS^ <b R - •>, 

D (tRe i«'«R « >, 

by means of the second boundary condition (5 b). We find 

IA.M4 I-y 1 '-*. 

where 

T =/*/!« I- 


* Those properties of this equation, and of its solutions, which are used in this analysis 
are fully discussed in Whitaker and Watson’s “ Modern Analysis,” pp. 347-349, 4th ed. 
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Summarising, 

y^e~ wy,t L D „_,(»«**"), *>0. 

* \i. Cl W = «-* .- P < -.i„ Ul (2) ^ L D „ (*Re‘"). «< 0. 


R ->« 

By use of the asymptotic values 

L D_„_ 1 (tRc** 1 ) = fl-i-'»>< e -««V4 r-«-i + _ y 2n 

L D . 1 (iRf»") = r «■«" n>. R— -i + y 2 ” 

R — x I (n -f" 1) 


e i*ni e ,H-/t R n 


^ iR'/t [{« 


we obtain 


ri^nrn^r+T)" & '' M " h " r 


Therefore 


- 1 - e 
P = e s ’>, 

Rosenkewitsch 1 * skates that Landau has obtained the formula 




__ Jf_ 4‘ 

P vp Iht 


where A = 2c 1# , v is the relative velocity, and V v F 2 are the “ forces ” acting 

upon the two states. If the identification ^ (cj— * a ) = v (F t — F a ) can bo 

at 

made, the exponent of Landau’s formula is too small by a factor of 2*. 


3. Discussion. 

Equation (6), with t v c 2 , c ]a , as arbitrary functions of time, is the general 
equation for a transition probability between two electronic states, provided 
(a) all other states may be neglected; (6) the motion of the atoms may be 
taken as external parameters; (c) changes in the “ unperturbed ” wave 
functions <f> t may be neglected. Two cases are of particular interest. In 
one Cj — t t = AE, a constant, and c ls is a function having the general form 
of curve a, fig. 3. In the other Cj — c t is a linear function, and c lt is a constant. 


* ‘ Pfays. Z. U.8.S.R.,’ vol. 1, p, 426 (1932). 
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An investigation* of the first case has revealed that the transition probability 
P satisfies the inequality 

i .(0 

£ is (0 dt 

- ec 

A more instructive form is obtained by introducing the variable 4 — //t, 
where t is the time of collision defined by 



Then 



«*■ 



(7) 


When tAE/A> 1, P is much smaller when s 12 is an analytic function than of 
the type of curve 6, fig. 2. The question arises, would this difference in the 
two P’s be eliminated merely by rounding off the corners of curve b , or must all 



derivatives of e 12 be continuous ' We find the answer when we integrate the 
numerator of (7) by parts. Since e ia vanishes at I; — -j- oc , an expansion of 
P in inverse powers of (2 tttAE jh) is seen to start with the — 2n'th power, 
where n is the order of the first discontinuous derivative of e 12 f 
The second case has been solved in the preceding section The problem 
is illustrated in fig. 2. 

It was found that the transition probability P was 


* N. Rotten and C. Zener, * Phys Rev./ vol 40, ji f»02 (1032) 

t The author is indebted to Professor Norbert Wiener for jxrinting out this relation. 
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where A — 2c ls (0) = closest distance between the adiabatic eigenwerte E lf 
E a of the system. 

In both cases P depends upon the relative velocity v in nearly the same 
manner, namely 

P - e- r ' ft \ 

In collisions one measures an effective cross section Q. Let the transitional 
region occur about the interatomic distance R 0 , then since v refers to the com¬ 
ponent of the relative velocity along the internuclear line, Q will be given by 
approximately 

Q = nR 0 s ro * * sm 0 <J0 


Summary, 

When a single parameter is varied adiabatically, two eigenwerte of a system 
may approach each other, and then recede, the corresponding eigenfunctions 
having exchanged their characters. If the parameter is varied with a finite 
velocity, the system may jump from one state to the other, thus not suffering 
a change of character. This transition probability has been rigorously calcu¬ 
lated provided the system satisfies certain reasonable restrictions. 
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Energy Exchange between Inert Gas Atoms and a Solid Surjaee . 

By J. M. Jackson, Department of Mathematics, University of Manchester, 
and N. F. Mott, M.A., Gonville and Cams College, Cambridge. 

(Communicated by Tl H Fowler, F R S —Received July 15), 1932) 

§ 1. Introduction .—If gas atoms, having energy corresponding to a tempera¬ 
ture T 2 , are incident on a solid surface at a temperature T,, then the reflected 
atoms will have a mean energy corresponding to some new temperature T 2 ', 
which is a function of T t and T 8 . For simplicity it w convenient to define 
Knudsen’s thermal accommodation coefficient as 


a - 


Inn 
t, — ► r, 



The accommodation coefficient depends on the nature of the gas atom, the 
nature of the solid surface, and the temperatme T 

Accommodation coefficients have been measured by various workers, and 
the present papei is an attempt to give a theoretical explanation of the results 
of Roberts,* who has measured the accommodation coefficient for helium on 
tungsten at various temperatures, taking particular precautions to obtain a 
clean surface. 

The first step in the calculation of the accommodation coefficient is the 
calculation of the probability that when a gas atom with energy W hits an atom 
of the solid in the quantum state ?, a transition will take place to the state n. 
We denote this probability by p/ 1 (W). One must then assume some energy 
distribution for the vibrating solid atoms. We assume that they are all 
independent, so that the number in the state with energy W n is proportional 
to exp. (— W b /KT), as in the Einstein specific heat theory. The accommo¬ 
dation coefficient is then found by averaging p t n for all W and all i , w. 

A theory of the accommodation coefficient has already been given by one of 
us,f the interaction energy between the solid and the gas being taken to be 
of the form V = C for r >0, V = 0 for r<0, where r denotes the distance 
between the two atoms. With a suitable choice of 0 it was possible to obtain 
a fairly good fit with the experimental curve. This type of field has, however, 
little resemblance to the actual field between the gas atom and the solid surface. 


* ‘ Proo. Roy. Soc./ A, vol. 129, p. 146 (1930), voJ. 136, p 192 (1932). 
t J. M. Jackson, 1 Proc. Camb. Phil. Soc.,’ vol 28, p. 136 (1932). 
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The method of calculating the accommodation coefficient given in this 
paper will be followed, except that we shall take the interaction energy between 
the gas atom and the solid atom to be of the form 

C exp. (— «r). 


Zener* has calculated the accommodation coefficient using a field of this 
type, but in calculating the transition probabilities he approximates to the 
exponential by means of an inverse square term A (r — 6)“ a adjusted to fit on 
smoothly to the exponential at the classical distance of closest approach. 
This approximation appears to affect the answer by a factor of about 6. Good 
agreement with experiment was only obtained by giving a the somewhat large 
value 65 x 10 R cm 1 

In the present paper we have been able to evaluate the integrals involved 
in the transition probabilities exactly without making any approximations. 
Quite a simple formula is obtained, and good agreement with experiment, 
with a more reasonable value of a (8 x 10 s cm 3 ) We also discuss the validity 
of the perturbation method used, and come to the conelusion that this is almost 
the only collision problem in which the terms neglected in a first order per¬ 
turbation theory are certainly small 

§2. The Probabilities of Energy Transfer —In this section we shall tieat the 
solid surface as consisting of an assembly of independent atoms each free to 
vibrate about a position of equilibrium with the same frequency v The 
problem is to calculate the probability that, when a gas atom of given energy 
collides with an atom of the solid vibrating m the nth stationary state, the 
solid atom will make a transition to the a'th state. The model used is one 
dimensional, both atoms being supposed to move only at right angles to the 
surface of the solid. 

Let X denote the displacement at any time of the solid atom from its mean 
position. The Schrodmger equation for the unperturbed solid atom is then 


where H denotes 


(H-WJ (X) = 0, 


/i* £_ 

87t*M dX 2 


f 2tAMv 2 X 2 , 


( 1 ) 


M being the mass of the solid atom. Equation (1) has the usual series of 
oscillator eigenfunctions (X) and eigenvalues W n = (n + J) Av. We 
assume that the oscillator wave functions tj/ n (X) are normalised to unity. 

* ‘ Phys. Rev.,’ vol. 37, p. 667 (1031) j vol. 40, pp. 178, 336 (1932). 
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Let us denote by the wave function of the initial state and the wave 
function of the final state of the solid atom. Let m denote the mass of the gas 
atom and x its distance from the mean position of the solid atom. 

We take for the interaction energy V (x, X) between the two atoms 

V (x, X) - C exp [- a (a - X)]. (2) 


Let ¥ ( x, X) be the wave function which describes the collision and satisfies 
the wave equation 

h 2 d 2 , 87 x*m 

A 8 


[- H+ SB® + 


(W — j Y = 0. 


(») 


We require a solution with the following property; if it is expanded in a 
series 

¥ (x y X) = 2 ij/ n (X)/ n (x) (4) 

n 

then for large x we must have 

fi (z) - exp (— ik t x) H A< exp (iA t x) 

f n (x)~~ A n exp (ik n x) n^i. (5) 

Here f 

k 4 = 27 xmvjh, k n = 2nmvjh, 


v 4 being the velocity of the gas atom before collision, and v n its velocity after 
it has excited the solid atom to the state n . 

The solution (5) represents a wave of unit amplitude falling on the solid 
atom together with a number of reflected waves. The probability per collision 
that the transition i -> n will take place is 

Pi n = k f t I A.. I* (6) 

The method appropriate to the solution of equation (3) depends on the 
value of the constant a in the expression (2) for the interaction energy. If a -1 
is small compared with the amplitude of oscillations of the solid atom, the atoms 
may be treated as rigid elastic spheres. In § 3 a method of solution suited 
to this case is given. If a" 1 is large compared with this amplitude, the method 
employed by Zener is appropriate. This is discussed in § 4. 

From the two formulae one can obtain transition probabilities for all values 
of a by interpolation. We may remark here that if a 1 is large compared to 
the wave-length of the incident atoms, the collision is adiabatic and no energy 
transfer takes place. 


3 A 


VOL. OXXXVII,—A. 
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§ 3. Rigid Elastic Spheres as a Model for the Atoms .—In this section the 
atoms are treated as rigid elastic spheres; that is to say, we write the inter¬ 
action energy in the form 

V (x, X) = C' e -Bto-x- * > (7) 


and let a -* oo. £ may be interpreted as the sum of the radii of the spheres. 
Then 


V (sc, X) = 0 z-X>5 

=« *-X<5 

We have therefore to find a solution of 


> H + 5S,S+ W 


T(x,X)«0, 


which vanishes along the line x — X = Such a solution, having the 
asymptotic form required in (4) and (5), is 

"¥ (x, X) = <]> 4 (X) 2i sin k, (x — 5 ) + S A n ^„ (X) exp [&„*], 

fl 

the A n being chosen in such a way that 


(X) 2 i sin k t X + 2 A.+. (X) exp [ik n (X + $}] « 0 (8) 

for all values oi X. 

Now the wave-length of the incident helium atoms is large compared with 
the amplitude through which the solid atoms vibrate; hence (X) is only 
finite in a region in which k ( X, k n X s etc., are small. We may therefore replace 
exp ik n X in (8) by unity. We obtain 

(X) 2 ik'X + SA„i (X) exp [ik& = 0 

for all X. 

Hence multiplying by (X) and integrating over all X, we obtain 
A n = - 2tk { X {n exp (- ik n i), 

where 

X <B = r XWwflL (9) 

J —06 


Hence from (6) the probability that the transition will take place is 

j> 4 » = 4*A|X <b |*. (10) 


§ 4. In this section we suppose that a -1 is large compared with the amplitude 
of vibrations of the solid atom. (This is in fact the case, since for tungsten 
at ordinary temperatures this amplitude iB of order 2 X 10~ u cm.) The method 
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is that used by Zener. It is similar to the Bom method in collision problems, 
awfaring from it in that distorted zero order wave functions must be used. 

We substitute the solution (4) in equation (3) and obtain 


;[£+*■ 


8r*»C - a u-» 


/»M<MX) = o. 


(ID 


We now write 


V nf (x) = ^ j^e-au-x, ^ n(X) 4,, ( X)dX, 


which is equal to 
where 


U (*)¥„„ 

U (x) = 8v*mCe ax /h\ 

Y„, = | e aK (X) (X) dX. 


( 11 . 1 ) 

( 11 . 2 ) 


Expanding e“ x , and remembering that aX Ls small in the region* (denoted by 
t) where \J»„ is finite, we have to a very good approximation 


We thus have approximately 
Further, we see that 


Y„ = 1. 


( 12 ) 


V„(x) = U(4 

Y n n± i is of order ax, 

Y n , n± 2 is of order (at) 8 . 

From equation (11), multiplying by <K(X) and integrating with respect 
to X from — «> to +«, 

(JL+*.*) /. W+J v - (*)/• (*>« (1S) 

This equation is exact. 

We have just seen that the non diagonal terms V„, are small compared 
with the diagonal term. V... W. n»y ttarrforo «lv. (13) by th. mcthodof 
.uccemivc .ppioomutiom. We »t lot the waves represent,,,g the ine,deot 
fin*] elastically reflected particles 

fM-fi* + (141) 

and for the particles reflected after causing a transition 

/.«-/."+ 

* t is equal to about 10' 1# om. 


(14.2) 


3 A 2 
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Substituting in (13) we obtain 


[5+v- v «] 

/«“ = o. 

(15) 

[¥+v- v - 

]/„“=Y to U (.)£*>(*), «**■ 

(16) 

We note that V (1 — V„ n = 

U(4 



Let now F, (x) denote that solution of the equation 


£* + *- f - u « 


F n (x) = 0, 


(17) 


which tends to zero as x -*■ — oo, and is normalised so as to have the asymptotic 
form 

F„ ~~ cos (k n x + Yj) x-^ + oo, (18) 

where nj is a constant. Then we must take 

/<«»= 2F,(*), (18.1) 


representing an incident and reflected wave each of unit amplitude, as demanded 
by (5). 

We may solve (16) by the substitution 

/. 0> <*)«**.(*). 

This gives 

£( f -‘ 2 )= 


Integrating, and remembering that f n must vanish as x — oo we have 

F..j-« fc f UWF^fc 

Integrating this equation, we have, for large values of x , 

y ~ T i-tan (k n x + Yj) + const 1 2Y t „ [ U (x) F„F ( dx. 

l-rt'U “I J — CO 

Choosing the constant so that /„ shall have the asymptotic form (5), we find 

9 V r+« 

fn* ~ ex P [“ *' (K* + l)]^"J a U (*) F » F < dx- 
Hence we have (cf. equation (5)) 

U(x)F n F t dx, 

J - oo 
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and from (6) the probability per collision that the solid atom of energy W will 
make a transition from the state i to the state n u> 


P* 


MYJff&fmC 

k ( k n L ffl 





(19) 


Zener obtains tbe result (19) without the factor 4. Thib is due to tlie omission 
of a factor 2 in the equation corresponding to (18.1). 

§5. We now require the exact solutions of (17) which tend to aero as 
* -*■ — oo, and which have the asymptotic form (18) as x -> oo. Writing 

U (x) = B 2 e « 


we can transform (17) by means of the substitution 

y = 2B/a. exp (— \ax ); 

we obtain 


F^ + r 1 * 1 .+ (».»* 2 -l)Fn-0, 

where the dashes denote differentiation with respect to y, and 

in = 2 kja. 


This is Bessel’s equation of imaginary order iq n and imaginary argument iy. 
In the usual notation of Bessel functions* the solution of this equation which 
tends to zero as x tends to —-oo is 

K n(y). ? = ?«• 


This function can be represented by the integral* 

K„(y) — f e"* C0l,h M cos q n u du. 
Jo 


( 20 ) 


It is dear from (20) that as x ■* — oo andy -► +oo, K (e (y) -+0. In order 
to show that it behaves like cos (kx (- r ( ) as x - -f oo, y -*> 0, we proceed as 
follows. Making the substitution q cosh u = i, and assuming that y is small, 
the integral (20) becomes 


which reduces to 



( y 

\q sinh 7t q! 


cos (kx + rj). 


Thus for F n (x) we must take 


* G. N. Watson, 4t Bessel Functions,” pp. 73, 181. 


(21) 
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§6. Calculation of the Transition Probabilities .—In §§ 3 and 4, equations 
(10) and (19), we have obtained expressions for the transition probabilities 
per collisions for gas atoms incident on the solid with definite energy. It is 
readily found that 4 ' 

Y = a (!L+_L±Jh‘ 

" 4l Wi*MAv/A 1 / 


We have further 


\87^MAv/A 2 

y, .- a i [(» + i±i)»±i)y - 


X <n = 0 i*«±l 

= Y Ja * — w± 1. 

From (10) we have, therefore, for elastic spheres, 


V ±l = 4^(n+i±i )[E (E =F 1)]* 


where 


E = W/Av. 

The evaluation of (19) depends on the integral 


[“ e-“T.F B 

J -0Q 


dx. 


( 22 ) 

( 23 ) 


( 24 ) 


Changing the variable of integration to y as before we find for this integral 


ah 2 (qq f sinh ng' Binh ray)* f* 

KbAnC 7Z Jo 


K iq K iQ ' y dy t 


here q is written for q i} q’ for 

Using (20) we can write the integral on the right as a repeated integral, 
namely 


( [ ye v (co " h * + cmh w) cos qu cos q't du dt dy . 
o Jo Jo 


Putting the lower limit of the y integration equal to t/ 0 , and interchanging 
the order of integration so that the y integration is performed first, afterwards 
allowing y 0 to tend to zero, we find that this integral reduces to 



_cosff'icos qt dudt 

(cosh t + cosh v) a 


* Sommerfeld, ‘ WeHenmekanik,’ p. 01. 
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Making the substitution* ( + u — 2T, t — u = 2U, we find that this integral 
becomes 


j j- a w 

Jo cosh 2 T Jo cosh 2 U 


By integrating e -JM( /cosh a z round the closed rectangular contour — oo, -j- oo, 
+ 00 + 7ri, — qo + to, enclosing the point z = £f 7 r, we find that 


Therefore we have 


9 have 

| yiy K, a K <(I ' = J 7 C 4 (q 2 — q 2 ) j (cosh nq' — cosh nq). 


The transition probability ]>" is therefore 

... « ! y j .r me' 1 - 


r ' mS J ,lnb ** ,ipt *■ m 

In particular 

^,-^.^ (n+t±i) _^^ (261) 

and 

‘ - * (g)‘ (»+I±D(n±l) 12621 

etc. 

Here q 9 q f are Inmv/ah, inmv'/ah where v 9 v are the velocities of the gas 
atom before and after the collision. 

It is interesting to note that if we allow a to become very large in equation 
(2B.1), the formula (25.1) tends to the form (24) obtained for hard spheres. 
Thus, although there is no theoretical justification for using this perturbation 
method for large a (as the non-diagonal elements are not small), the result 
obtained seems to be valid for all a. 

§7. Calculation of the Thermal Accommodation Coefficient. —The thermal 
accommodation coefficient a is defined at the beginning of § 1. Using this 
definition it has been shown by one of usf that a can be expressed as a double 
series of partial accommodation coefficients a(n|n'), one for each particular 
quantum transition n n'; it was found that 

a- £ £ a(n|«'), 0*6) 

H — U H' -0 

* G. N. Watson, he. erf., p. 440. 
t Jackiton, he. cit. 
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where 

a (n|»') = $ p 8 (1 — e - '*) (n — n') * e - "* P n n ' (p). (27) 

In this expression p = 0/T where 0 is the characteristic temperature of the 
solid, and 

P B “'(^)= fV'tEJe-^iE. (28) 

Jo 

9 

Expressions for p n n ' have been given in the previous section (equations (25)). 
To calculate the accommodation coefficient we must therefore evaluate the 
integral (28). 

We write 

«-ot(l)+ «(*) + ... (29) 

where a(s) is a partial accommodation coefficient corresponding to change of 
quantum number by 8. 

We obtain, summing over all n, n' which differ by unity and by two 

«(i) = !ii*^-ippa l |i) (30) 

«(2) = Jf p), (31) 

where P (1, p), P (2, p) are to be obtained from (28), for the cases n' = n ± 1, 
n' = n ± 2, by omitting the factor (n + $ ± i) fr° m (25.1) and (24), and 
the factor (n ± 1) (n + ± 1) from (25.2). 

Further terms of the series (2G) have not been investigated, as in the case of 
helium on tungsten a(2) is never more than 5 per cent, of a(l). The con¬ 
vergence seems sufficiently good to justify the neglect of further terms of the 
series. 

Only in the case of rigid clastic spheres [§ 3 and § 6, equation (24)] is it 
possible to evaluate the integral (28) analytically. In this case, we have from 

m 

P(l,p) = 4|j*[E (E + l)]»c- B dE. 

Changing the variable of integration to u, where u = 2E + 1, this integral 
reduces to 

lg[K,(ip)-K 0 (^)]^, 

where K, and K 0 are Bessel functions of the third kind. We find from (29) 
and (30) 

« = *(!) = £[i 8 ^ cosech {K,(i(x) - K, (Jp)}. 


(32) 
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This is the result for a molecular model of rigid elastic spheres. With such a 
model the nature of the gas only enters into the result in the mass-ratio factor 
m/M and thus the accommodation coefficients of various monatomic gases at- 
the same temperature on a clean tungsten surface would be proportional to 
their atomic weights. 

With the exponential interaction energy Ce a \ the transition probabilities 
per collision are given by (25). 

We obtain, from (25) and (30) 


on . ro6 srnh 1 (i£ + 1)* sinh I E‘. dE 
... « ,/^ 327T 4 M wAv f* a a 


and 


J^cosh ¥ (E -f- 1)* — cosh - E* 


*( 2 ) = 


smh ? (E + 2) 1 srnh ? E*. e'* 18 dE 

a _ a _ 

j^cosh I (E -f- 2)* — cosh ¥ E* J 


where y 2 = 32 tc 4 mhv/h 2 . 

The integrals were evaluated numerically for various values of jx, a. The 
results are given in § 8. 

§ 8. Modification of the Theory when an Attractive Potential is included in 
the Field of the Solid .—In order to take some account of the possibility of 
adsorption it is interesting to include in some way the long range attractive 
field of the solid (van der Waals forces). The simplest method of doing this 
is to include a small attractive potential step of magnitude 0 situated at a 
constant distance d from the moan position of the oscillating surface atom. 


For d we have taken about 5 A.U. 

With this very approximate representation of the attractive field of the solid, 
the only modifications* which must be made in the analysis of the preceding 
section arc that instead of P (1) one must write 


P(l,x) = r?(l)e"- E dE, ®/*v. 

•lx 


(1) and (2) must also be multiplied by the factor exp 3>/W. 
The expressions for a (1) and a (2) now become 

$|x 3 (c*-irV*P(l,x> 

Y fx 3 (e*-l)-V*P(2, x ). 


* Jackson, loc. eft., p. 156. 
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The factor eP* increases as the temperature decreases, but the integral 
P (1, x) decreases with the temperature more rapidly than P (1). The effect 
of the factor eP* is predominant, but the alterations in the integrals P are not 
negligible and are more marked for low temperatures. 

§ 9. Numerical Results .—The experiments of Roberts (loc. cU.) provide the 
only available data with which the theory may be compared. The experi¬ 
mental results for tungsten and helium are 

296° K, a = 0*057; 195° K, a = 0*040; 79° K, a = 0-025. 

Calculations have been made for values of a equal to 4*02, 8*05, 9*00 X 
10 8 cm. -1 , and also for the hard sphere model. The value of the characteristic 
temperature 0 of tungsten is 205° K, if we take the atomic frequency to be 
4*3.10 1 *. sec. -1 . This frequency is determined from Lindemann’s melting 
point formula, which gives good agreement with the values of 0 determined 
from specific heat data, particularly in the case of metals. The accommodation 
coefficient was computed for the above values of a, and for the following values 

Of [X 

(x = 0*7, 1-0, 1*4, 2-0, 3-0 
or 

T = 293°, 205°, 147°, 102-5°, 68-4°. 

For the attractive potential step we have taken % = 0-20, 0-25, and also zero. 
The two former values correspond to <D = 3-54 and 4-43.10~ a electron volts, 
or heats of adsorption* of helium on tungsten of the order of 80-100 cals./gm. 
atom. These are probably of the correct order of magnitude. 

The variation of the accommodation coefficient with temperature for various 
values of a and <t> is shown in fig. 1. In fig. 2 the results are shown multiplied 
by an arbitrary factor to fit them to the experimental curve at T = 205° K. 
We do this for two reasons : firstly it is possible that the use of a one dimen¬ 
sional model may have introduced a constant factor in our results; and 
secondly the experimental values are probably too large, owing to the roughness 
of the solid surface. The best agreement is obtained with a = 9 X 10 s cm." 1 , 
which is rather large. 

The value a = 4 X 10 s cm. 1 is probably approximately correct. The 
theoretical curve for this value is shown in fig. 1. With this value of a one 


* Lennard-Jonea, * Trans. Faraday Soc.,' vol, 28, p. 340 (1932). 
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has to multiply the theoretical curve by 2 in order to fit it to the experimental 
curve. This factor 2 may well be accounted for by the roughness of the 
surface. The agreement, fig. 2, between the fitted curve and the experimental 
is not quite so good as for a = 9 X 10 8 cm." 1 , but is nevertheless satisfactory 



Fig. 1. —Calculated values of the thermal accommodation coefficient for tungsten/helium, 
with interaction energy e~ ar . 

Curve l,o — 4*02 x 10* cmr 1 

Curve 2, a *=* 9*0 X 10 s cm.- 1 - One quantum transitions only. 

Curve 3, rigid elastic sphere model , 

Curve 4, a =* 9-0 X 10* cm. -1 , two quantum transitions only. 

Curve 5, a 0*0 X 10* om. -1 , two quantum transitions only, but including an 
attractive potential step % = 0*2. [0 — 3*64 .10" 3 electron volts.] 

Curve 0, a « 9*0 X 10* cm.' 1 , % — 0*2 including both one- and two-quantum 
transitions. 

Curve 7, a 9-0 X 10 a cm.- 1 , x — 0*25 including both one- and two-quantum 
transitions. 

The experimental values are marked with a cross. 
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Fiq. 2.—Thermal accommodation coefficient* : helium/tungsten fitted to the experimental 
value at 205° K. 

Curve 1, a = 4*02 X 10 s omr 1 , one quantum transitions only. 

Curve 2, a — 9-00 X 10* cm.- 1 , one quantum transitions only. 

Curve 3, a « 9*00 X 10* om.* 4 , including two quantum transitions. 

Curve 4, rigid elastic sphere model. 

The experimental values are marked with a cross. 


in view of the difficult nature of the experiments, and the simple model used 
in the theory. 

In fig. 3 some transition probabilities are drawn plotted against E = W/Av, 
where W is the translational energy of a gas atom normal to the surface. They 
are also plotted against T, where W = |KT. 
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Fig. 3.—Transition, probabilities p 0 ' (E) per collision. The energy scale is in terms of 
oscillator quanta, E = W/hv ; alternatively it is expressed in terms of the temperature 
T a JW/K. 

Curve 1, a 4*02 x 10® cm. -1 . 

Curve 2, a =* 9*00 X 10* cm 
Curve 3, rigid elastic sphere model. 

The ourve e-w/* 1, is drawn on the same scale for T — 293° K. 


Summary. 

A theory of the accommodation coefficient for helium on tungsten is given, 
using an exponential field between the gas atom and a surface atom of the 
solid. Good agreement is obtained with the experimental results of Roberts. 

In conclusion, we would like to thank Mr. J. K. Roberts for his interest in 
this work. 
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